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news and views 


ADMINISTRATIVE COMMITTEE MEETINGS 


Meeting of March 20, 1957, New York, N. Y. Present 
were H. G. Booker, Chairman, J. I. Bohnert, P. S. Car- 
ter, Arthur Dorne, R. A. Heising, J. W. Herbstreit, 
D. D. King, R. L. Mattingly, Philip Newman, D. C. 
Ports, V. H. Rumsey, R. C. Spencer, L. G. Trolese (for 


| J. B. Smyth), A. H. Waynick. 


1) Affiliate membership: It was announced that IRE 
headquarters has approved four societies for PGAP 


affiliate membership. These are: The American Astro- 


nomical Society, The Royal Astronomical Society, The 
Optical Society of America, and The American Me- 
teorological Society. After discussion it was decided that 
a list of additional societies would be prepared and sub- 
mitted to IRE headquarters for approval. 

2) Finances and the TRANSACTIONS: There was an 
extended discussion of the group financial situation and 


_ the prospects of increased income from advertising and 
other sources. It was brought out that no definite com- 


mitments for advertising have yet been received (al- 
though several tentative expressions of interest have 
been obtained), and that extra financial assistance from 
IRE is not to be expected at this time. Accordingly, the 
only income to be counted on for the immediate future is 
that from membership dues and institutional listings. 
This is not sufficient to publish all the papers our editor 
finds acceptable and would like to publish. In particular, 
it is not sufficient to permit publication of papers which 
have already been accepted while still accepting a 
reasonable proportion of the new papers submitted. It 
is also to be noted that the editor has had no way of 
knowing when publication of papers that he had ac- 
cepted would be possible. In order to provide the editor 
with some instructions from this committee and in par- 
ticular with regard to the July and October issues, a 
motion was made by D. D. King and modified by J. W. 
Herbstreit to instruct the editor to restrict the July 


issue to approximately sixty-seven pages, a length con- 
sistent with the funds currently on hand. Later instruc- 
tions, taking into account the latest financial figures, 
will be furnished Editor Smyth in regard to the October 
issue. This motion was seconded and passed unani- 
mously. 

3) Four vacancies will occur on the Administrative 
Committee on June 1. The Chairman appointed a com- 
mittee consisting of D. C. Ports, P. S. Carter, and 
George Sinclair to nominate a slate of officers for the 
coming year, as well as four candidates to fill these 
vacancies. 

4) There was discussion of the following: a) means of 
encouraging the formation of new Local Chapters; b) 
suitable topics for future meetings and symposia; c) 
means of increasing liaison between astronomers and 
radio people. 

Meeting of May 24, 1957, Washington, D. C. Present 
were: H. G. Booker, Outgoing Chairman, J. I. Bohnert, 
Incoming Chairman, W. W. Balwanz, J. T. Bolljahn, 
P. S. Carter, J. T. de Bettencourt, Arthur Dorne, F. T. 
Haddock, R. A. Helliwell, J. W. Herbstreit, R. L. Mat- 
tingly, D. C. Ports, George Sinclair, E. K. Smith, J. B. 
Smyth, R. C. Spencer, A. W. Straiton, A. H. Waynick, 
G. H. Welch. 

1) Elections: The Nominating Committee nominated 
John I. Bohnert and Robert L. Mattingly for Chairman 
and Vice-Chairman, respectively. They were then 
elected by unanimous vote of the committee. John 
Bohnert then assumed the chair. The following were 
then recommended as the nominees for the four com- 
mittee vacancies which will occur June 1, 1957: John W. 
Findlay, Richard K. Moore, William H. Radford, Os- 
wald G. Villard. The recommendations of the Nominat- 
ing Committee were unanimously accepted and the sec- 
retary was instructed to prepare a ballot for distribution 
to the membership. 


| 
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2) Affiliate membership: It was reported that the fol- 
lowing societies have been approved for affiliate mem- 
bership status with the PGAP: Acoustical Society of 
America, American Astronomical Society, American In- 
stitute of Electrical Engineers, American Geophysical 
Union, American Mathematical Society, American Me- 
teorological Society, Institute of the Aeronautical Sci- 
ences, Mathematical Association of America, Optical 
Society of America, The Institution of Electrical En- 
gineers (London), The Physical Society (London), Royal 
Astronomical Society (London), Royal Astronomical 
Society of Canada, Institute of Radio Engineers, Aus- 
tralia, Federation Francaise des Societes de Physique 
(France), Nippon Butsuri Gakkai (Physical Society of 
Japan), and Verband Deutcher Elektrotechnika e.v. 
(Germany). The American Physical Society will be 
added within the next few weeks. 

3) Finances and TRANSACTIONS: This matter was 
again the subject of an extended discussion. It was 
brought out that there is still a backlog of approximately 
35 accepted but unpublished reports and that approx- 
imately $6000 will be required to publish them. In ad- 
dition, to publish in an orderly fashion new papers as 
they are accepted will require about $15,000 per year. The 
present balance is less than $1000 and definite future in- 
come is approximately $11,000 to $12,000 per year, no 
advertising income as yet being definitely assured. All 
agreed upon the importance of publishing the back 
papers promptly. There was a widespread feeling that 
IRE should offer more assistance than they have in the 
past. Finally, it was decided that a subcommittee com- 
prising Chairman John Bohnert, Arthur Dorne, and 
Delmer Ports will present the problem to IRE, and take 
such other steps to relieve the problem as may prove 
feasible. 

R. L. MATTINGLY 
Vice-Chairman, Secretary- 
Treasurer, pro tem. 


CHAPTER NEWS 
Chicago 


The program for the last meeting of the season of the 
Chicago IRE Section was sponsored by PGAP and was 
held May 17, 1957. It was devoted to the DEW Line 
and included a film, “Arctic Mission” by Western Elec- 
tric, and a paper by Warren Morgan of Federal Electric 
Company. A PGAP meeting followed the section meet- 
ing with a paper by Charles Camillo of Amphenol 
entitled “Practical Applications of Radio Frequency 
Coaxial Cables.” 

The following officers were elected for the year be- 
ginning July 1, 1957: Chairman, N. J. Sladek, Amphenol 
Electronics Company; Vice-Chairman, F. A. Beaver, 
Sears Roebuck and Company; Secretary, H. L. Wood- 
bury, Andrew Corporation. 


Boulder 


The following meetings have been held recently. On — 
May 1, 1957, E. T. Pierce, Director of Atmospheric 
Physics Group at Cavendish Laboratory, Cambridge 
spoke on “Lightning Discharge Phenomena.” This 
meeting was cosponsored by N.B.S. Radio Propagation — 
Seminar. On May 23, 1957, K. G. Budden, guest worker 
at National Bureau of Standards, from the Cavendish 
Laboratory, Cambridge, England spoke on “Ionospheric 
Reflexion of Radio Waves.” This was the tenth and last 
of a series of lectures on ionospheric wave propagation 
given by Dr. Budden while he was a guest worker at 
Boulder. 

On June 12, 1957, Dr. B. Yost, Research Director, 
Ohio Oil Company, Denver, Colo., spoke on “Modelling 
in Electromagnetic Methods of Geophysical Pros- 
pecting.” 

On June 3, 1957, Jack W. Herbstreit spoke on “The 
Present Status and Future Prospects of PGAP.” Mr. 
Herbstreit explained the financial problem facing PGAP 
and possible solutions were suggested. The local chapter 
agreed to donate $100 to the National Committee. The 
unanimous opinion of the members was that the IRE 
should provide direct assistance. The Boulder Chapter 
elected new officers: Herman V. Cottony, Chairman; 
Don Watt, Vice-Chairman; Al Barsis, Secretary- 
Treasurer. 


Los Angeles 


The January meeting of the Los Angeles Chapter of 
the PGAP was held jointly with PGMTT and featured 
speakers from both groups. Robert E. Plummer of 
Hughes Aircraft spoke on “Microwave Aspects of a Cir- 
cularly Polarized Feed for Beacon Antennas,” and 
G. Fonda-Bonardi of DeMornay-Bonardi, Inc., spoke 
on “A Microwave System for the Accurate Measure- 
ment of Frequency in the 10-50 KMC Region.” At the 
March meeting of the PGAP, Georges G. Weill of Cali- 
fornia Institute of Technology presented a paper on 
“The Cigar Antenna,” an extremely long modulated 
end-fire array developed when the author was in Paris. 
Meetings are held every other month at the IAS Build- 
ing, 7660 Beverly Boulevard at 8 p.M., and are preceded 
by a dinner at the Encore Restaurant, 806 N. LaCienega, 
at 6 P.M. 


FUTURE MEETINGS 


An International Conference on “Ultra High Fre- 
quency Circuits and Antennas,” will be held in Paris 
from October 21 to 26, 1957. Correspondence should be 
directed to the Conference Central Office, Congres “Cir- 
cuits et Antennas Hyper-Frequences,” Societe des Ra- 


dioelectriciens, 10 avenue Pierre-Larousse, Malakoff 
(Seine). 
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contributions 


An Interferometer for Radio Astronomy 
with a Single-Lobed Radiation Pattern* 
A. E. COVINGTON} anp N. W. BROTENT 


Summary—tThe 150-foot slotted waveguide antenna for operation 
on a wavelength of 10 centimeters at the National Research Council, 
Ottawa, Canada, is now in operation as one element of an inter- 
ferometer. The other element is itself a simple interferometer with 
element separation equal to that of the long array and is placed to the 
west on the common E-W axis. A rotary phase shifter in the arm be- 


tween the array and simple interferometer is used, after Ryle, with a 


phase-sensitive detector. The resultant pattern consists of the prod- 
uct of three terms: 1) The single-lobe pattern of the long array; 
2) the interference pattern of the simple interferometer, and 3) the 


interference pattern between the simple interferometer and array. 


This configuration gives a twofold increase in E-W resolving power 
over a uniformly collecting aperture of equal dimension. The pres- 


ence of two interference patterns suggests the name, “compound 


interferometer,” and the new antenna produces a fan-shaped beam 
2' E-W X2° N-S. The instrument has been used to obtain daily drift 


curves of the sun. 


cal and radio regions of the electromagnetic spec- 

trum require telescopes for the purpose of 
collecting radiant energy from distant sources with 
negligible contributions from adjacent sources. The 
parabolic reflector, for example, is extremely useful as a 
telescope where the power is collected at the focus by 
suitable methods in either the radio or the optical re- 
gions. This power is proportional to the area of the re- 
flector, while the ability to separate one radiating source 
from another is proportional to the linear dimension of 
the aperture expressed in number of wavelengths. The 
construction of successively larger and larger reflectors 


| Beat investigations made in the opti- 


* Manuscript received by the PGAP, September 17, 1956. 
+ Natl. Res. Council of Canada, Ottawa, Can. 


has been principally for the purpose of detecting fainter 
sources. In the optical region, it has been found that the 
resolution of larger apertures is seldom fully effective 
because the earth’s atmosphere presents localized re- 
gions of varying refraction. This effect becomes severe 
for apertures greater than 10 or 20 inches. The resolu- 
tion of large radio telescopes operating in the middle of 
the radio spectrum appears to be fully effective, but 
still falls far short of that of even a modest optical tele- 
scope. In the radio spectrum, the present limitation of 
achieving high resolution lies in the difficulties of con- 
struction and in high cost. Resolution will be a problem 
of prime importance and already several telescopes have 
been made with one dimension considerably lengthened 
so that much greater resolving power is attained in one 
plane. The resultant reception pattern is analogous to 
the diffraction pattern of a slit aperture. Further in- 
crease in the resolution is most readily obtained by in- 
terferometry methods. These principles were applied to 
optical astronomy by Michelson,’ and in radio astron- 
omy were applied by McCready, Pawsey, and Payne- 
Scott,? Ryle,’ Bolton,‘ and others, as soon as it was ap- 


1 A. A. Michelson, “On the application of interference methods to 
astronomical measurements,” Phil. Mag., vol. 30, pp. 1-21; July, 
1890. 

21. L. McCready, J. L. Pawsey, and R. Payne-Scott, “Solar ra- 
diation at radio frequencies and its relation to sunspots,” Proc. Roy. 
Soc. A, vol. 190, pp. 357-375; August, 1947. 

3M. Ryle and D. D. Vonberg, “Solar radiation on 175 mc/s,” 
Nature, vol. 158, pp. 339-340; September, 1946. ; 

4J. G. Bolton and G. J. Stanley, “Variable source of radio fre- 


quency radiation in the constellation of Cygnus,” Nature, vol. 161, 
pp. 312-313; February, 1948. 
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parent that point-like sources of emission existed on the 
solar disk and in the sky. : 

Radio techniques for the transmission and amplifica- 
tion of radio waves have a flexibility that as yet has not 
been found for the handling of light emissions. This dif- 
ference has led to the development of several new types 
of radio interferometers. One form employs a radio 
transmitter link® between two elements of an inter- 
ferometer. Another entirely new development employs 
cross correlation of the low-frequency energy fluctua- 
tions® from the two antennas. In the system of phase 
switching introduced by Ryle,’ a half wavelength of 
feeder to one antenna is alternately introduced and re- 
moved, and has the effect of combining the voltages 
from the two antennas alternately in phase and then 
out of phase. A phase-sensitive detector is required to 
separate the steady and the fluctuating components and 
enables the continuous background emission to be sepa- 
rated from point-like sources of emission. The above 
systems have multiple lobes or fringes and thus lead to 
ambiguity when two or more discrete sources are con- 
tained within the angular lobe structure. Ryle’ also 
showed that shaping of the resultant antenna patterns 
was possible by using different antennas for the two 
elements of an interferometer. A system suggested by 
Ryle and adapted by Mills® consists of two linear arrays 
_ mutually perpendicular to each other to form a cross. 
Phase switching between the two linear arrays gives a 
signal only for those sources which lie in the common 
part of the crossed fan-shaped antenna patterns, and the 
result is a pencil beam antenna pattern having a resolv- 
ing power equivalent to the rectangle enclosing the 
cross but with greatly reduced gain. Vitkevich®:!° has 
suggested that the interference fringes formed by path 
differences of several wavelengths will be minimized by 
receiving a large portion of the intrinsically wide spec- 
trum of the radio sources and will thus lead to the 
formation of a single central lobe. 

Interferometry has recently been brought into use at 
the solar noise observatory of the National Research 
Council at Ottawa, to study the surface brightness of 
the sun at a wavelength of 10 cm (3000 mc). Two small 
antennas are so arranged in conjunction with the 150- 
foot nonresonant slotted waveguide array that the over- 


5B. Y. Mills, “Apparent angular sizes of discrete radio sources,” 
Nature, vol. 170, p. 1063; December, 1952. 

6 R. H. Brown and R. Q. Twiss, “A new type of interferometer for 
use in radio astronomy,” Phil. Mag., vol. 45, pp. 663-682; July, 1954. 

7M. Ryle, “A new radio interferometer and its application to the 
observations of weak radio stars,” Proc. Roy. Soc. A, vol. 211, pp. 
351-365; March, 1952. 

8B. Y. Mills and A. G. Little, “A high-resolution aerial system of 
reek type,” Austral. J. Phys., vol. 6, pp. 272-278; September, 
1953. 

9V. V. Vitkevich, “Wide band radio interferometer,” Doklady 
Akad. Nauk S.S.S.R., vol. 91, no. 6, pp. 1301-1303; 1953. 

10V, V. Vitkevich, “A new system of modulation radio reception 
of weak signals and its application to the creation of a high resolving 
power radio telescope,” Doklady Akad. Nauk S.S.S.R., vol. 102, no. 
3, pp. 469-472; 1955. 
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all aperture in the E-W direction is 300 feet, or 900 
wavelengths. The combination of the array and the 
twin-element interferometer antenna patterns by a_ 
phase-switching system results in a single-lobed receiv- _ 
ing pattern with a half-power width of 2.4 minutes of 
arc in the E-W direction. 


DESCRIPTION OF APPARATUS 


The slotted waveguide array was built in 1951 and 
has a fan-shaped antenna pattern whose beamwidth to 
the half-power points is 8 minutes of arc in the E-W 
direction, and 22° in the N-S direction. A more detailed 
description has been made elsewhere.'! Fig. 1 shows the 


Fig. 1—Schematic of 10-cm compound interferometer for radio 
astronomy. Left-hand antennas—twin element interferometer, 
and right-hand antenna—slotted waveguide array. 


physical arrangement of the array and the two an- 
tennas which form a simple interferometer. The addi- 
tional antennas are parabolic cylinders, 10 feet wide and 
8 feet long, with short lengths of slotted waveguide at 
the focus having characteristics similar to the slotted 
waveguide in the long array. One unit is set close to the 
west end of the long array, while the other is set further 
away on the same common E-W axis, so that the separa- 
tion between the two is approximately equal to the | 
length of the array. The narrow section of the array 
pattern may be placed at any hour angle from about 3° 
to 9° east of the meridian by proper choice of the re- 
ceiver frequency in a band ranging from 2770 mc to 
3000 mc. The individual elements of the simple inter- 
ferometer have primary patterns of 3° E-W by 2° N-S, 
and likewise will be automatically placed at the same 
hour angle as the array. However, all three units must 
be adjusted mechanically in order to have the same 
elevation. The feature of shifting the resultant beam in 
hour angle has proven very valuable, and instrumenta- 
tion has been made to take four drift curves each day. 
This involves the successive use of two local oscillators 
in the superheterodyne receiver, with reception occur- 
ring separately, first on the higher frequency sideband 
and then on the lower frequency sideband of the respec- 
tive oscillator. The long array aperture is 148.2 feet, the 
separation of the two parabolic elements is 144.6 feet, 
and separation of the phase centers of the array and 
interferometer is 154.4 feet. 

The two small antennas operate as a simple inter- 
ferometer, while the array and this unit operate as a 


_ A. E. Covington and N. W. Broten, “Brightness of the solar 
disk at a wave-length of 10.3 centimeters,” Astrophys. J., vol. 119 
pp. 569-589; May, 1954. 
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second interferometer. A rotary phase shifter!? in the 
waveguide transmission line between the array and the 
interferometer introduces a linear change of phase with 
respect to time, as needed in a phase-switching system. 
The radio-frequency voltage at the receiver input is a 
vector sum of the voltages from the interferometer and 


the array, and since the phase shifter rotates one vector 


with respect to the other at 15 cps, the rectified power 


output contains a steady term as well as an alternating 


term. The resultant antenna pattern is obtained by 
combining the alternating receiver voltage, after ap- 
propriate amplification, with a reference voltage of the 
same frequency in a phase-sensitive detector, and ap- 
_ pears as the product of three antenna patterns: the 
simple interferometer pattern, a second interference 
pattern due to the displacement of the two component 
antenna systems, and the single-lobe fan-shaped pat- 
tern of the long array. The new antenna configuration 
involves an E-W length twice that of the array, but 
produces a single-lobed antenna pattern whose E-W 
width, as measured by the angular distance from maxi- 
mum to first zero (2 minutes of arc), is one quarter that 
_ of the long array. The presence of the two interference 
terms suggests the name “compound interferometer,” 
although this same principle whereby three radiation 
patterns are multiplied together may be applied to 
other configurations. In the present arrangement, the 
resultant pattern contains both positive and negative 
sidelobes, and has an angular power distribution approxi- 
mated by sin x/x. Although the side lobes are larger 
than customary, this particular pattern has considerable 
advantage in the resolution of a source brightness func- 
tion. 
GENERAL THEORY 
The advantage of the particular pattern approxi- 


mated by the compound interferometer is perhaps best 
revealed by considering the general formula in the one- 


dimensional case which relates the power received by an 


' antenna to the power emitted from a distant distribu- 
tion of sources emitting thermal or thermal-like radia- 
tion. This is given by the convolution of the source 


’ brightness distribution with the antenna pattern, and 


written as (1): 


RO) = f AW = *S(Iax (1) 


where © 


R(@) is the power output when the maximum of the 
antenna pattern is directed towards 9, 

A(x) is the power pattern of the antenna at an angu- 
lar distance x from the antenna maximum, 
and 

S(9) is the temperature brightness of the source as a 
function of the angle 0. 


2 A. G. Fox, “An adjustable wave-guide phase changer,” Proc. 
IRE, vol. 35, pp. 1489-1498; December, 1947. 
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As the antenna scans the object, the observed response, 
R(@), will be the source brightness blurred by the an- 
tenna power pattern. In order to obtain a true knowl- 
edge of the source distribution, it is necessary to remove 
the averaging effect of the antenna pattern by solving 
(1) for S(@) in one of several ways. Another representa- 
tion of this averaging process involves the Fourier in- 
tegral theorem, which transforms the convolution in the 
angular variable @ into a corresponding relationship in 
the spatial-frequency variable s. This relationship is 
given by 


R(s) = A(s)S(3) (2) 


where R(s), A(s), and S(s) are the Fourier spectra for 
the three functions defined for (1). As in the previous 
equation, the source function, now S(s), is unknown, 
and is to be found by solving (2). A much simplified 
geometrical representation of the two equations is 
shown in Fig. 2. The spectrum representation of the 
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Fig. 2—Modification of object structure by antenna pattern. Left- 
hand side—in angular space, and right-hand side—in spatial fre- 
quency. 


antenna pattern is known from other experiments and 
has the property of being zero for all values greater than 
some limiting frequency s. given by the relationship 
So=D/d, where D is the aperture of the antenna. This 
method of analysis suggests that the action of the an- 
tenna may be regarded as a filter, and the spectrum of 
the antenna pattern may be spoken of as the antenna 
band-pass.1*)4 The spectrum of the observed response 
R(s) is, according to (2), the original spectrum of the 
source multiplied by the band-pass of the antenna. The 
process of observing through any telescope thus dis- 
torts the image of the distant object, corresponding to 
the irretrievable loss of all frequencies from the source 


13 R. N. Bracewell and J. A. Roberts, “Aerial smoothing in radio 
astronomy,” Austral. J. Phys., vol. 7, pp. 615-640; December, 1954. 

4 J. Arsac, “Transmissions des fréquences spatiales dans les sys- 
témes récepteurs d’ondes courtes,” Optica Acta. vol. 2, pp. 112-118; 
October, 1955. 
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distribution greater than the cut-off frequency, and to a 
modification of the lower frequencies passed by the 
telescope. This modification is related to the relative 
shape of the antenna pattern, and may be removed 
from the observed results by solving (2). This solution, 
known as the principal solution,” gives the original 
spectrum with, however, the higher frequencies still 
missing. Although it may not be a good approximation 
to the source function, it is the best that can be obtained 
without other knowledge of the source. If this additional 
knowledge about the source exists, then the principal 
solution with its maximum of initial information repre- 
sents the best starting point for further approximations. 
The principal solution may also be obtained with an 
antenna having the pattern represented by the function 
sin x/x since the corresponding frequency band-pass is 
constant from zero to the cut-off frequency, and no dis- 
tortion is introduced in the portion of the source spec- 
trum accepted by the antenna. It is in this sense that 
this particular antenna pattern with its relatively large 
side lobes is an optimum. 


RECEIVING PATTERN OF THE INTERFEROMETER 


The derivation of the receiving pattern for the ar- 
rangement of two antennas receiving the same com- 
ponent of polarization from an incident wave, and con- 
nected to act as an interferometer, may be obtained by 
considering the total power output from the connected 
antennas. In radio astronomy, the phase term of any 
wave originating from a given point source is assumed 
to contain a randomly varying quantity, in order to de- 
scribe the thermal and quasithermal sources which are 
investigated. In addition, it is also necessary to assume 
that other waves of the same frequency, but originating 
from different points, contain random phase terms not 
related to the first. The origin of a particular system of 
co-ordinates is taken at the central point of the line 
joining the two antennas. The angular variable @ lies in 
the plane containing the normal to the apertures and 
the joining line, while the variable ¢ is in a plane at 
right angles; both variables are measured from the nor- 
mal to the aperture planes. The line joining the two 
antennas is usually placed in an E-W direction and, in 
this case, the # variable describes the drifting motion 
of the sun or other celestial source through the antenna 
pattern. A schematic representation of the interfer- 
ometer system and system of co-ordinates for the plane 
¢=constant is shown in Fig. 3. 

A passing plane wavefront from a single point source 
induces voltages in the two antennas. Since the origin 
is taken at the central point of the two antenna systems, 
then at a given instant of time, the voltage from an- 
tenna A is given by 


Va = A(8, $) exp [j(wt + k6 + B) | (3) 


and from antenna B is given by 
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Fig. 3—Representation of system of co-ordinates for 
interferometer for plane ¢=constant. 


v, = B(6, ) exp [j(wt — R60 + B + at) | (4) 


where 


w is the angular frequency of the incident wave, 

k ism times the distance between the phase centers of 
the antenna, expressed in terms of wavelength, 

8 is a random phase variable with values from 0 to 
27, and 

a is the time rate of phase change introduced by the 
rotary phase shifter. 


The voltage output from the junction is 


eS Vat Ub 


1 
Wit [AG dei? + BA, p)eie-ab Jeioets, 


The power output is 


Meee y's ES $) + B%6, 4) 
Saar atria 2 


(S) 


/ 


+ A(6, 6) B(@, o) cos (2k6 — a) |. (6) 


The right-hand side of (6) is the power pattern of the 
interferometer; the first term is one half the sum of the 
power from each of the two antennas, and is present on 
the de output of the receiver; the last term is a cross 
product output from the two antennas, and is present 
as a low-frequency fluctuating power corresponding in 
frequency to the electrical rotation of the phase shifter. 
The effective power gain of the fluctuating component is 
equal to the square root on the product of the power 
gains of each antenna. Two phases of fluctuating power 
are present which represent two antenna patterns and 
correspond to the trigonometrical expansion of the co- 
sine term. This power output may be written 


A(6, ¢) B(6, &) cos 2k6 cos at 
+ A(6, 6) BO, $) sin 2k sin at. (7) 
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In further discussions, the coefficients of cos at and 
sin at will be designated respectively as antenna pat- 
terns A; and A>». The first pattern A, with suitable 
values for A and B gives a maximum in the direction of 
the point source; while the second pattern A» gives a 
‘minimum in the direction of the source, and as yet has 
not found much use in radio astronomy. 

When several sources are present, both antenna pat- 
terns must be used in the convolution in order to obtain 
the total power received by the system. The magnitude 
of the fluctuating power as measured by the envelope of 
the low-frequency voltage is given by 
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system introduced by Ryle? is obtained. The receiver 


output gives the appropriate Fourier component of the 
source distribution. 


2) kO=0, AXB 


If the separation between the phase centers of each 
antenna is zero, the interference term will be a constant 
equal to one, and the resultant power pattern is the 
product of the two voltage patterns. When one of these 
patterns is very broad with respect to the other, the 
resultant power pattern approximates the narrower 
voltage pattern of the other antenna. The antenna pat- 


v= 


-and so is independent of the reference point of the phase 
term af. On the other hand, the phase-sensitive channel, 
‘when adjusted to zero or quadrature phase, records only 
the power gathered by one of the antenna patterns. 

This separation of the two phases is accomplished elec- 
trically by means of a phase-sensitive detector driven 
by a reference voltage from the rotary phase shifter. 
The recorded output is a direct voltage proportional to 
the amplitude of the applied voltage times the cosine of 
the angle between the input and reference voltages. 

‘Corresponding to the in-phase and the quadrature- 

phase adjustments, either antenna pattern A; or an- 
tenna pattern A» is effective. The operation of two 
channels properly adjusted permits the simultaneous 
reception of A; and A». For the present application, 

‘simplification of the desired antenna pattern occurs if 
cylindrical antenna patterns are used such that 4 (0, d) 

-=A(0)-A(¢) and BO, ¢) =B(O)-B(¢); and in this case 

the pattern A; becomes the well-known result of the 

_phase-switching system as used by Ryle,’ and is given 


by (9): 


A, = A(¢)- B(¢):-A(0)- B(8) cos 2k. (9) 


The design of an antenna receiving pattern based 
“upon the multiplication of two different patterns, to- 
gether with an interference cosine pattern, has many 
possibilities. These possibilities may be discussed con- 
_yeniently in classes, depending upon the relative values 
assigned to each of the factors: pattern A, pattern B, 
and phase term k@. Three classes of antenna pattern 
are suggested and will be discussed with reference to 
certain configurations of antennas. 


1) k040, A=B 

The antenna elements are identical and if their angu- 
lar pattern is broad with respect to one of the lobes of 
“the interference pattern, the original interferometer 


4/| f Ae = 0St0dx | a | fac = )SCodr | (8) 


terns of A and B may be those associated with two slit 
apertures, and if the antenna elements are arranged in 
the form of a cross, the phase centers overlap and a gap 
must be introduced in the center of the elements. This 
system was used by Mills® to produce a single-lobed an- 
tenna pattern. The pattern of A may also consist of 
several widely separated lobes which are produced by 
a grating antenna consisting of an array of small an- 
tennas with relatively large separation between mem- 
bers. In this case, the pattern of B must have the form 
which selects a single lobe of the grating pattern, and 
may be produced either by another grating or large 
single-aperture antenna. 


3) k040, AXB 


The antenna elements are different and arranged to 
have a separation between their phase centers. Since the 
interference term is effective, the antenna systems in 
this class may be called asymmetrical interferometers. 
The separation can be chosen, for the antennas dis- 
cussed in 2), so that the cosine term of the interference 
sharpens the resultant single-lobe patterns. 


COMPOUND INTERFEROMETER 


The arrangement of simple interferometer and long 
array previously outlined, form an asymmetrical inter- 
ferometer. The asymmetrical antenna configuration in 
the form of a T was also investigated at the same time 
as the compound interferometer, since this involved 
using only the parabolic reflector adjacent to the long 
array. Its operation was satisfactory, and the resultant 
antenna pattern and adjustment may be inferred readily 
from the discussion of the compound interferometer. In 
order to calculate the resultant antenna pattern of this 
antenna, it will be assumed that the adjustments have 
been made so that the three components of the antenna 
pattern lie with coincident maxima. The array pattern 
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is formed by collecting energy uniformly along the 
length of the waveguide, and its voltage pattern in the 
@ direction is given by 
sin kof 
Bio) = B : 
kof 


2 


the voltage pattern of the simple interferometer is given 
by the expression 


A(6) = A cos kh; 
and the resultant power pattern is given by 


sin ko 


Aj’ = A cos (k,6)B 


cos 2k36 (10) 


2 


where 


k; is equal to m times the effective distance between 
the two elements of the simple interferometer 
expressed in number of wavelengths, 

k2 is equal to 7 times the aperture of the long array 
expressed in number of wavelengths, 

ks is equal to 7 times the effective distance between 
the phase centers of the array and the interfer- 
ometer. 


The resultant antenna pattern is an optimum when the 
component antennas are spaced such that ki =k, =k3=k; 
since with k9=x, (10) becomes 


sin x sin 4y 


-cos x:cos 2x = AB 


(11) 
x 

It was not considered mechanically feasible to in- 
corporate the dimensions for the production of the opti- 
mum pattern in the @ plane, into an experiment designed 
to test the feasibility of the system, but rather to work 
with the convenient distances which give a slightly dif- 
ferent proportionality of phase terms, namely k,:ko:k3 
>:1.025:1.000:1.07. The resultant pattern for a narrow 
band of frequencies is shown in Fig. 4, and is similar 
to the optimum pattern. The feature of great interest 
arising from the nonintegral ratio of phase terms is the 
predominence of negative side lobes extending over a 
considerable range of angle. In the @ direction (N-S), 
the resultant power pattern is essentially the 2° voltage 
pattern of the simple interferometer element, since the 
long array pattern in this direction is 22° broad. In the 
6 direction the corresponding 3° pattern of this antenna 
has been neglected since it is very broad with respect 
to the interference pattern. 


BROADENING OF ANTENNA PATTERN 


The shape and positioning of an antenna pattern 
formed by interferometry are very dependent upon the 
frequency of observation. The shape of the antenna 
pattern that has been calculated holds for a small band 
of frequencies, and must be summed over a much larger 
range to find the effect of the actual receiver bandwidth 
used. The maximum of the array pattern shifts 1.5 
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Fig. 4—Calculated power pattern of compound interferometer. 


minutes of arc per megacycle, and the broadening effect 
upon its resultant pattern has been calculated for vari- 
ous receiver bandwidths, and may be found in another 
report.!® When the array was put into operation origi- 
nally, a band-pass for the IF amplifier of about 1.5 mc 
was chosen, with only a 10 per cent increase in the half- 
power points. This was later changed to 0.5 mc band- 
pass, and when the compound interferometer was put 
into operation, this smaller band-pass was used. 

In the operation of this antenna, the angular shift 
with frequency of the array pattern is used to advantage 
in selecting the appropriate lobe given by the multipli- 
cation of the two cosine terms which form component 
parts of the over-all antenna pattern, and which are re- 
sponsible for the sharpness of the resultant pattern. 
The broadening of this pattern will thus be introduced 
mainly by the frequency sensitivity of these two terms. 
When the frequency of observation is 2831 mc the an- 
tenna pattern is formed at an angle 4°28’ east of the 
meridian, and is the third in the series that is possible 
with the present instrumentation. At this angle from 
the central zero order fringe of the interferometer, the 
32nd and 65th interference fringes are used in the forma- 
tion of the lobe, and the shift with frequency amounts 
to 0.2 minute of arc per megacycle. Thus the broadening 
introduced into the main lobe of 2.4 minutes of arc is 
small, and has been neglected. 


ALIGNMENT OF COMPONENT PATTERNS 


The linear dimension of an antenna such as the com- 
pound interferometer is so great that the antenna pat- 
tern cannot be tested by the conventional method of 


* H. Gruenberg, “A waveguide array for solar noise studies,” 
IRE Trans., vol. AP-3, pp. 147-152; October, 1954, 
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transmitting to the antenna from a distant point at 
various angles. Instead, reliance must be placed upon 
the calculated pattern based upon measured parame- 
ters. However, certain natural sources produce drift 
curves which are only slightly broader than the antenna 
pattern, and if these sources are assumed to be point- 
_ like, the drift curves provide an upper limit to the half- 
power width of the antenna pattern. Although the po- 
sition of the long array single lobe, for various operating 
frequencies, was known from previous work, it was not | 
known with sufficient accuracy to permit its alignment 
with one of the lobes of the simple interferometer. Fur- 
ther, the phase of the reference voltage generated by the 
rotary phase shifter cannot be set by calculation to give 
the desired pattern, and recourse must be made to experi- 
ment. The alignment of the three component antenna 
patterns has been by a series of approximations made on . | 
successive days, the necessary correction for the next b ‘i 


day being deduced from certain features observed in the 
drift curves of the sun. These features were found in the 
drift curves through the use of a set of antenna patterns 


Fig. 5—Resultant patterns of compound interferometer produced by 
phase shifts in component parts. (a) Optimum pattern sin x/x 
-cos x: cos 2x =sin 4x/4x, (b) 45° phase shift in cos 2x term, (c) 


45° phase shift in sin x/x term, and (d) 45° phase shift in both cos 
2x and sin x/x terms. 


- constructed with various errors in two of the three terms 
which make up the resultant pattern. This series of 
antenna patterns is based upon the optimum pattern, 
as given by sin 4x/4x of (11), and are shown in Fig. 5. 
The simple interferometer pattern was regarded as 
‘fixed, while phase shifts of 45° were placed in various 
combinations in the second interference term and in the 
long array pattern. Physically, the phase shift in the 
interference term is controlled by a dielectric phase 
shifter in the waveguide transmission line (alterna- 
tively, it may be adjusted by changing the phase of the 
reference voltage) while the phase of the array pattern 
is adjusted by a frequency change. Before making any 
adjustments, the arms of the simple interferometer were 
_ equalized. 
: In the drift curve of the sun, the easiest error to de- 
tect is in the second interference term, since in this case 
the side lobes on one side of the central lobe are pre- 
dominantly negative, and on the other side are pre- 
dominantly positive. This pattern has the effect of 
‘causing the base line of the scan, representing the sky 
“background, to have a tilt with respect to zero level. A 
shift of about 10° in this term has been detected readily. 
_A shift in the position of the long array pattern has the 
effect of introducing a ripple on the base of the scan with 
a period corresponding to that of the simple interferome- 
ter as recorded in the total power channel (dc) and is 
“not so readily detected. The alignment of the simple 
‘interferometer and the array has also been studied by 
‘recording the envelope of the fluctuating power given 
by (8). 
_ The adjustment of the antenna patterns should re- 
“main unchanged, provided all factors relating to the 
phase terms remain the same. However, the antenna 
and the feeder system are outdoors, and subject to the 
temperature changes which occur from day to day. 
Changes in waveguide dimensions occur with corre- 


sponding phase changes in the component antenna pat- 
terns. The interferometer feeder systems have been de- 
signed with equal arm lengths so that only temperature 
differences are significant. A temperature difference of 
1°C between the two 75-foot lengths of waveguide used 
in the simple interferometer cause a shift of about 2.25° 
in phase angle, with a corresponding shift of the recep- 
tion pattern of about 0.04 minute of arc. Since the feeder 
arms between the interferometer and the array (an- 
tennas A and B) are about twice as long, a similar dif- 
ferential would produce twice as large an angular phase 
shift. The temperature difference between interferome- 
ter arms may be minimized by placing the waveguide in 
a housing, but this has not been done. On occasion, ef- 
fects attributed to a phase difference in the arms of the 
interferometer were discernible in the drift curves, and 
have been related in a qualitative manner to phase 
changes measured by means of a standing wave pattern. 

The squint angle of the array pattern with respect to 
the normal of the array is a function of the frequency, 
the spacing of the slot radiators, and the dimensions of 
the waveguide. A temperature change of +10°C will 
cause the squint angle to increase by approximately 1 
minute of arc, while a frequency change of —0.75 mc 
causes a decrease in squint by the same amount. These 
calculated rates of change have been successfully used 
with the observed temperature changes of the array to 
maintain the antenna pattern over a wide range of tem- 
perature variation. Other residual second-order effects 
remain, and have not yet been explained. 

In order to keep the frequency of observation con- 
stant, the oscillator frequency is monitored by a cavity 
wavemeter with a Q of 20,000, and the frequency is set 
manually to the desired value. The short-term fre- 
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quency stability of the local oscillator is generally con- 
siderably better than required. 


OBSERVATIONS OF THE SUN.ON 
JANUARY 19 AND 21, 1956 


The compound interferometer was put into operation 
temporarily during the summer of 1955, and toward the 
end of the year nearly continuous observations were 
started. Two of the four drift curves taken near noon on 
January 19, 1956, are shown in Fig. 6. The upper (first) 


Fig. 6—Upper curve—solar drift curve taken by 150-foot array with 
pattern 8 minutes of arc E-W, and lower curve—solar drift-curve 
of 300-foot compound interferometer with pattern of 2 minutes 
of arc E-W, January 19, 1956. 


drift curve was taken with the long array operating 
alone, while the lower (third) curve was taken with the 
compound interferometer. The fourfold increase in reso- 
lution obtained with the compound interferometer, with 
its single lobe, is very evident in its drift curve, since the 
unresolved structure of the upper drift curve appears as 
three intense point-like sources with possibly several 
fainter sources. The lower envelope, representing the 
emission from the solar background, is shown by the 
curved dashed lines joining the shoulders of both drift 
curves, and serves as a reference for the excess radiation 
from the regions of sunspot activity. The interferometer 
drift curve of the intense source on the eastern limb (left- 
hand side) has a half-power width which agrees with the 
calculated main lobe of the antenna within the error of 
observation, estimated to be +5 per cent; the first 
of the side lobes—taken as the small enhancements on 
either side of the central lobe—show an amplitude much 
smaller than expected, and are also displaced further 
from the main lobe than expected. These measured fea- 
tures of the drift curve are not consistent with a point 
source, and it is believed that the width of the main 
lobe and one of the side lobes has been modified by the 
side lobes of the intense double source whose center is 
11 minutes of arc to the west. The other side lobe of the 
point-like source is modified by falling upon the edge of 
the solar disk. The components of the double source are 
apparently separated by 5 minutes of arc, and are about 
twice the limit of resolution of the antenna. The small 
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single enhancement to the west of the double source i 
regarded as a side lobe of that spot, while the next larger 
enhancement is regarded as a combination of side lobe 
and possible weak radio-emissive region. The small 
source on the western limb was just about to disappear 
and was distinguished from a side lobe because it was 
seen several days before the intense source became 
visible. 
The drift curve taken with the compound interfer- 
ometer two days later, on January 21, is shown in Fig. 7. 


Fig. 7—Drift curve taken by 300-foot compound inter- 
ferometer on January 21, 1956. 


This reveals the effect of solar rotation of the spots with 


; 
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respect to the disk, as well as small but definite changes 
in their structure. The most noticeable change is that 


the double spot has become a single large region of E W 
extent comparable to that of January 19, and indi- 
cates either a broadening of the spots or a growth of 
emission between them. The single spot on the eastern 
limb is now slightly further away from the broad double 


region, 12 minutes of arc instead of 11 minutes of arc, 


and the principal lobe has increased from a half-power 


width of 2.4 to 3.0 minutes of arc. The side lobes are 


more pronounced than before, but still probably modi- 
fied by other features such as the limb and nearby 


broadened double source. If it is assumed that the radio’ 


source is a point, the measured lobe width represents 
only a 25 per cent increase in beamwidth from the com- 
puted value of 2.4 minutes of arc. However, on the basis 
of various models of spots, the combination of broadened 
main lobe and side lobe reduction could be taken as an 
indication of the finite E-W width of the spot, and an 
upper limit of about 1 minute of arc may be assigned to 
this diameter. In this region of confusion, however, the 
exact width will be best revealed only through the use of 
an antenna with greater resolution. This point-like 
source is significant in that it shows that the antenna 
system operates essentially in the manner described, and 
that increased resolution by a factor of two or four may 
be sufficient to isolate one spot from another, as well as 
providing some indication of the spot structure. During 
the six months of observations, this source was the only 
one sufficiently isolated to serve as a test object. The 
absence of resolution in the N-S direction may introduce 
a fictitious doubling or broadening of spots, but fortu- 
nately for this period of observations, the intense solar 
activity, as revealed photographically, was so dis- 
tributed that the indicated E-W extents of the radio- 
emissive regions must be real. 
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Other features of these drift curves may be related to 
the unusual nature of the antenna pattern. The sky 
background shows as a negative signal, and is produced 
by the extensive, predominantly negative, side lobes 
collecting energy when the main lobe is off the sun. The 
tilt of the sky base line on January 19 indicates a phase 
error of about 10° in the phase term of the second inter- 
ference pattern (cos 2x). The two drift curves have been 
copied from the curved Esterline-Angus paper, and have 
not been normalized with respect to the total disk emis- 
sion as measured by the 4-foot reflector. If this is done 


Summary—Measurements were carried out on 6.4-cm. and 17- 
} cm wavelength on two optical paths, 54-km and 82-km long, stretch- 
fing over sea nearly East-West and starting at the same point. For 
the greater part of the measurements, height-spaced receivers were 
used. The bulk of the statistical data comprises distributions of field 
strengths for every day of measurement. Curves for single receivers 
and diversity combinations of two receivers have been worked out. 
Distributions for every hour of a day as well as distributions of fade 
durations for a few days with special propagation conditions were ob- 
tained. A study of special fading phenomena with almost coinciding 
fades on the receivers in operation has been made. é 
The data reveal that the field strength distribution for single re- 
ceivers on days with a great number of fades generally approximates 
‘the Rayleigh distribution irrespective of wavelength, path, and an- 
tenna height within the range of height considered. The field 
.strength distributions for diversity systems approximate the di- 
versity Rayleigh distribution, which is derived from two uncorrelated 
Rayleigh distributed signals. Deviations from appropriate Rayleigh 
distribution towards more serious fading conditions seem to be more 
frequent and more pronounced for diversity systems than for single 
receivers. Distributions of fade durations are found to be log-normal. 
Measurements on three-height-spaced receivers on 17-cm wave- 
length indicate that the simple two-ray theory is insufficient to de- 
‘scribe the fadings on a path over sea. 


INTRODUCTION 


HE PRESENT paper gives a summary of statisti- 
cal analyses of recordings from propagation meas- 

. urements carried out on two optical oversea paths 
in Denmark. These measurements were made in order 
to gather information concerning certain of the parame- 
‘ters of importance to a microwave link over sea. 


* Original manuscript received by the PGAP, N ovember 5, 1956; 
“revised manuscript received, January 27, 1957. Presented at the In- 
ternational Symposium on Wave Propagation, Paris, France; Sep- 
‘tember 21, 1956. 
. +SHAPE Air Def. Tech. Ctr., The Hague, Holland. Formerly 
| with Microwave Lab., Danish Academy of Tech. Sciences, Copen- 
hagen, Denmark. ; } 
' ¢ Microwave Lab., Danish Academy of Tech. Sciences, Copen- 
shagen, Denmark. 
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the average intensity of the double peak on January 19 
equals the intensity of the same region which appears 
broadened on January 21. 
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Statistical Data for Microwave Propagation Measurements 
on Two Oversea Paths in Denmark* 
P. GUDMANDSEN} anv B. F. LARSEN{ 


The problems to be considered were: 1) choice of link 
distance, 2) choice of wavelength, 3) determination of 
the improvement obtainable by means of diversity re- 
ception, and 4) the necessary clearance of the direct ray 
of the paths. These items were mainly considered from 
a reliability point of view. 

The first item was taken into consideration because, 
in a preliminary planning of a given link between two 


_ points on each side of the sea, it was found necessary— 


from a reliability point of view—to set up a relay station 
in an intervening island. In this way the link was di- 
vided into two paths, 54-km and 40-km long, both 
stretching over sea. However, it would be of great in- 
terest to avoid the relay station by using the direct path 
between the two points, 82 km over sea. Accordingly, 
simultaneous measurements were carried out on the 
54-km path and the 82-km path, in order that a com- 
parison of the propagation conditions could be made. 

For the choice of equipment for the final communica- 
tion link, it was important to ascertain if there were any 
essential difference between the reliability of the com- 
munication on different wavelengths. For this purpose, 
measurements were carried out on two wavelengths, 6.4 
em and 17 cm. 

Diversity reception was investigated by the employ- 
ment of height-spaced receivers on both paths and wave- 
lengths. In the statistical analyses the recordings from 
single receivers were treated so as to simulate dual di- 
versity switch systems (selector type). 

In order to investigate the problem of clearance, a 
receiver was placed rather low so as to enable the de- 
tection of diffraction loss under unfavorable meteoro- 
logical conditions. 

The measurements were carried out in the autumn of 
1953 and in the spring of 1954 on the 54-km path, while 
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the simultaneous measurements on the 54-km and the 
82-km path were performed in the summer and autumn 
of 1954. A total of 14,000 hours of recording was ob- 
tained. 


TEST CIRCUITS 


The position of the antennas in, the test circuit was 
determined on the basis of the simple two-ray theory.’ 
This theory assumes that the refractive index of the at- 
mosphere varies linearly with the height above the sur- 
face of the earth so that the direct and the sea-reflected 
rays on a sea path may become straight lines, a suitable 
correction factor, k, for the radius of the earth being 
employed. In general, this assumption oversimplifies the 
meteorological state of the atmosphere by taking only 
the major course into account. Accordingly, the two- 
ray theory should be regarded more as a convenient 
mathematical model than as a detailed physical de- 
scription. 

Fig. 1 shows the field strength variations which may 
be expected, according to this theory, when k& varies 
between 0.7 and infinity. The field strengths are given 
relative to the calculated free space field strength, dBF. 
The curves have been labeled by a code stating the re- 
ceiver antenna height above normal sea level in meters. 
The path length, d, the wavelength, \, and the trans- 
mitter antenna height, hz, are indicated in the diagrams. 
In the calculations the divergence of the reflected ray 
caused by the curvature of the earth has been allowed 
for. In the range of small & values the calculations have 
been based on the classical diffraction theory. 

The position of the receivers has been chosen in such 
a way that no simultaneous fades will occur on the two 
receivers of a diversity system within the range of k 
values where interference fades occur. This diversity 
principle is fulfilled by all receivers except the lower 
17-cm receiver on the 54-km path. This receiver, how- 
ever, is the receiver for the detection of diffraction loss 
associated with small k values. The marks on the curves 
indicate the values of k for which grazing incidence oc- 
curs. It is seen that grazing may be expected for rela- 
tively great values of k on the lower 17-cm receiver on 
the 54-km path and especially on the receivers on the 
82-km path. 

The 17-cm measurements were carried out by means 
of equipment described by Grgnlund and Lund.? A 
square-wave modulated magnetron was used as trans- 
mitter, while the receivers were of the crystal rectifier 
type with selective amplification of the repetition fre- 
quency. The 6.4-cm equipment was a commercial por- 
table television equipment with superheterodyne re- 
ceivers. 


1D, E. Kerr, “Propagation of Short Radio Waves,” M.I.T. Rad. 
Lab. Ser., McGraw-Hill Book Co., Inc., New York, N. Y., vol. 13, 
Chea i951, 

2M. Grgnlund and C. O. Lund, “Equipment for propagation 
measurements in the microwave range,” presented at the URSI 
Meeting, Paris, France; September, 1956. 
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Fig. 1—Field strength variations calculated by 
the two-ray theory. 


RESULTS 


The greater part of the statistical analysis has been 
performed by means of statistical equipment described 
by Lund and Grgnlund.* The subsequent diagrams give 
a number of examples of the results obtained. 

Fig. 2 gives distributions of field strengths for a day 
of a spring period, May 23, 1954. This day is considered 
representative of days with a great number of fades. 
The diagrams comprise curves for the three 17-cm re- | 
ceivers and the single 6.4-cm receiver in operation on 
that day, together with distributions for the three di- 
versity combinations of the 17-cm receivers. In the dia- 
grams, the field strengths are given by the ordinate in 
dbf. The abscissa gives the relative total fading time 
of a day in a logarithmic scale. 

It is seen that all the curves for single receivers ap- 
proximate the so-called Rayleigh distribution in the 
range of low field strengths. This theoretical distribution 
has a slope of 10 db per decade in a coordinate system 
like the one presented. The diversity curves approxi- 
mate straight lines with a slope half that of the Rayleigh 
distribution. This distribution is called the diversity 
Rayleigh distribution, because it may be obtained by 
selecting the greater of two Rayleigh-distributed signals 
which fade independently. 

It is obvious that a rather great improvement in re-. 
liability is obtained by employment of diversity in com- 
parison with that obtained by means of a single re- 
ceiver. Thus, it is seen, when taking as an example the 


_ °C. 0. Lund and M. Grgnlund, “Electronic Equipment for Sta- | 
tistical Analysis,” presented at the URSI Meeting, Paris, France; 
September, 1956. Published as Microwave Lab. Rep., The Danish 


ey of Tech. Sciences, Copenhagen, Denmark; September, 
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Fig. 2—Distribution of field strengths, May 23, 1954, 0-24 hours’ 
_ 54-km path, 17-cm and 6.4-cm wavelengths. Numbers on curves 
indicate the receiver antenna height. 


level of —16 dbf, that an improvement of about 13 
times results from the use of the diversity combination 
of the upper and lower receivers, R148-R76. For the 
other two diversity combinations, improvements of 
about 100 times have been found. 
The amelioration attained by means of height-di- 
versity may be expressed in a different way, as it is seen 
that even if the field strength of the single receivers be- 
comes very low, no simultaneous fades were below — 20 
dbf on that day. Thus, the amelioration may be given 
as a gain in db at a certain reliability. In the case con- 
sidered here, a gain of 12 db has been found for the di- 
versity combination of the lower and the upper re- 


ceivers. In this connection, it should be mentioned that. 


the largest gain encountered during the measurements 
was 19 db, while the smallest gain was only 4 db, the 
average value being 13.5 db. These figures are referred 


to 99.9 per cent reliability (10-* relative fading time) 


and a field strength of —30 dbf. 

- An example of a day, August 25, of an autumn period 
with measurements on the 82-km path is given in Fig. 3. 
On that day very adverse fading conditions were found. 
The diagrams present distributions of field strengths for 
‘the two 17-cm and the two 6.4-cm receivers then in 
operation. The coordinate systems are similar to those 
used in Fig. 2, but the field strengths are given relative 
to the daily median field strength, dbm. 

It is seen that also in these cases the distributions ap- 
proximate the appropriate Rayleigh distributions. It is 
found that the diversity gain on that day is a little 
smaller on the 6.4-cm wavelength than on the 17-cm 


wavelength. However, the entire material of the tests 


on the 82-km path shows that the average value of gain 
is 12.5 db on the 6.4-cm wavelength against 10.5 db on 


the 17-cm wavelength. These figures have been obtained 
at 99.9 per cenit reliability and with a field strength of 


—20 dbm. 


From these examples and a great number of similar 


“results, it may be concluded that on days with a great 
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Fig. 3—Distributions of field strengths, August 25, 1954, 0-24 hours, 
82-km path, 17-cm and 6.4-cm wavelengths. Numbers on curves 
indicate the receiver antenna height. 


many fades the distributions of field strengths, both for 
single receivers and for diversity reception, approximate 
the appropriate Rayleigh distributions. This is the case 
irrespective of season, path, wavelength, and antenna 
height. 

The ascertainment of the diversity distribution ap- 
proximating the diversity Rayleigh distribution implies 
that the signal on the two receivers in question is non- 
correlated rather than that the fades are in phase- 
opposition, as might be foreseen from the simple two- 
ray theory, Fig. 1. 

The rule, that the approximation to the Rayleigh dis- 
tribution is independent of the parameters of the path, 
is a rather useful one, since no material limitations as to 
the choice of values for the parameters to be considered 
are imposed upon the designer of a communication link 
on an oversea path. However, a number of deviations 
from the Rayleigh distributions that reflect more serious 
propagation conditions have been found. 

The schematic diagrams, Fig. 4, give an idea of the 
magnitude of the deviations met with; the examples 
are taken from the 17-cm measurements on the 54-km 
path. The left diagram concerns a single receiver, R108, 
and the right diagram the diversity combination formed 
by the receivers R108 and R148. The theoretical Ray- 
leigh distributions have been drawn in the diagrams, to- 
gether with dotted curves illustrating the distributions 
during 111 days, the entire period of measurement on 
this path. The other curves deviating from the Rayleigh 
distributions are envelopes of all distributions obtained. 
Envelopes are given for 24-hour periods as well as for 
single hours. 

The distribution for the single receiver representing 
the entire period coincides with the theoretical curve, 
except on the lower field strength levels where the em- 
pirical curve reflects a smaller occurrence of fadings. 
The corresponding distribution for the diversity combi- 
nation is approximately parallel to the theoretical Ray- 
leigh distribution, but shows a smaller reliability. The 
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Fig. 4— Distributions of field strengths, April—July, 1954 (111 days), 


54-km path, 17-cm wavelength. Limits of deviations from the 
Rayleigh distributions. 


displacement of the distribution is due to the fact that 
the median field strengths of the two receivers are differ- 
ent. 

Deviations from the Rayleigh distribution within the 
limit given in this diagram have been found for a single 
receiver on 2.6 per cent of the days of the period of 
measurement. Deviations from the diversity Rayleigh 
distribution are exhibited 4.6 per cent of the days with 
diversity reception. These figures concern the measure- 
ments on the 17-cm wavelength; it should be added 
that the 6.4-cm wavelength exhibits no deviations on 
any day. 

For the two days previously dealt with, May 23 and 
August 25, it was found that about 20 per cent of the 
hours of these days showed deviations from the Rayleigh 
distribution, and that the 6.4-cm wavelength had a 
slightly larger percentage of deviations than the 17-cm 
wavelength. 

It has been found that the propagation is subject to 
a seasonal variation observable during the months from 
April to September in which measurements were carried 
out on the 54-km path. This will appear from Fig. 5, 
which shows distributions of field strengths for single 
receivers for certain months of the period. Curves are 
given for the upper and the lower 17-cm receivers, from 
which it may be seen that the seasonal variation is dif- 
ferent at different antenna heights. The distribution for 
July, receiver 148, happens to coincide with the May 
curve for receiver 76. The lower receiver shows a much 
greater variation than the upper one. This observation 
should be given further consideration before it can be 
fully explained. 

In the other diagram in Fig. 5 the propagation on the 
54-km and the 82-km paths can be compared. The 
curves are derived from the measurements carried out 
simultaneously on the two paths in September. It is 
obvious that the shorter path has a greater reliability 
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Fig. 5—Distributions of field strengths, monthly for May, July, and 
September, 1954, 54-km and 82-km paths, 17-cm wavelength. 


than the longer, but it must be admitted that the differ- 
ence is a slight one. It should be added that a comparison 
between individual days of the month reveals that the 
longer path exhibits a larger number of days with Ray- 
leigh distribution, and that deviations due to fading 
conditions severer than those of the Rayleigh distribu- 
tion are far more frequent on the longer path than on 
the shorter. 

A detailed investigation of various phenomena of 
simultaneous fades on at least the two lower receivers on 
the 54-km path has been carried out. This investigation 
was made as an attempt to detect whether the field 
strength variations could be ascribed to small values of 
k (see Fig. 1). An example of such an investigation is 
given in Fig. 6. Such diagrams are called correlation 
diagrams, as the simultaneous field strength variations 
on two receivers are plotted, one against the other. 

The two correlation diagrams illustrate the same fad- 
ing phenomena on the three height-spaced receivers ir 
operation. The course of field strength variations is 
given by the letters added to the curves, the letters ir 
the two diagrams corresponding to the same moment 
In order to enable a reproduction of the diagrams, the 
actual variations have to some extent been simplified 
the more important characteristics of the  observec 
fadings being maintained. In the diagrams, the fielc 
strength variations calculated by means of the two-ray 
theory are also given for comparison with those arrivec 
at experimentally. The parameters of the calculatec 
curves are k values. 

The most conspicuous characteristic of the experi 
mental curves is that the field strengths generally ar. 
depressed during a fading period. This depression i 
superposed by other comparatively fast fades. Consider 
ing each diagram separately, it will appear that the fas 
fades, to a certain extent, may be described by means 
the calculated course of field strengths, the Ae | 
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Fig. 6—Correlation diagram, Jun2 6, 1956, 14.10-16.40 
hours, 54-km path, 17-cm wavelength. 


mentioned being ignored, and the observations can be 
_ related to values of k. But, when the simultaneous dia- 
_ grams are referred to each other, a difference in k-values 
will be found. The variations on the lower receiver can 
best be explained by meteorological effects correspond- 
ing to small values of k—diffraction—while the upper 
receivers exemplify interference fades associated with 
great values of k. : 

Similar fading phenomena have been studied and the 
same result arrived at. On this basis it may be concluded 
that small k values occur rather seldom, and that in rare 
cases only the propagation during deep fades can be de- 
scribed by means of the simple two-ray theory. How- 
ever, it must be admitted, and this is confirmed by the 
diagrams in Fig. 6, that fades occurring simultaneously 
on two receivers are due to other meteorological effects, 
and that such fades are just as important as those ex- 
pected in connection with diffraction effects. As the 
available meteorological data (synoptic data only) are 
rather coarse, no reliable information on the nature of 
the above mentioned meteorological effects has been ob- 
tained. It should be mentioned that no simultaneous 
deep fades on all three receivers were encountered dur- 
ing the measurements. 

Finally, two examples of distributions of fade dura- 
tions are given in Fig. 7. 

The left diagram presents distributions for two field 
strength levels of a single receiver (148 m above normal 
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Fig. 7—Distributions of fade durations, May 23, 1954, 0-24 hours, 
54-km path, 6.4-cm wavelength, and August 14, 1954, 0-24 
hours, 82-km path, 6.4-cm wavelength. Numbers in parentheses 
indicate number of contributing fades. 


sea level) on a day of the spring period. The figures 
added to the curves indicate the number of fades ob- 
served on that day. The durations are given in 5-second 
units in a logarithmic scale; the ordinate is a Gaussian 
scale. From this diagram it may be seen, for instance, 
that 0.05 or 5 per cent of the fades below —10 dbf on 
that day had a duration greater than 100 5-second units 
or about 8 minutes. Moreover, it is seen that the curves 
approximate straight lines, and thus, the distributions 
may approximate log-normal distributions. 

The right diagram gives the distribution for a single 
feld strength level but for two receivers and their di- 
versity distribution. Again the distributions approxi- 
mate log-normal distributions. The number of distribu- 
tions of fade durations worked out is considered too 
small to give any reliable information as to the fit to the 
log-normal distribution and the parameters of distribu- 
tions, but it has been found that the standard deviation 
of the approximating log-normal distributions tend to 
decrease with decreasing field strength level. 
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Some Observations of Antenna-Beam Distortion 
in Trans-Horizon Propagation* 
A. T. WATERMAN, JR.j, N. H. BRYANT, anp R. E. MILLER 


Summary—3000-mce signals from a rotating narrow-beam trans- 
mitting antenna have been observed at distances from 92 to 177 
miles. The manner in which the received power builds up and falls 
off as the transmitting beam sweeps past the receiver shows a va- 
riety of shapes instead of merely reflecting the transmitting-antenna 
pattern, as would be expected on a line-of-sight path. From a series 
of these received-power patterns, mean received power as a function 
of transmitting-antenna azimuth is obtained and, from this, an 
angular scattering function is derived. This angular scattering func- 
tion, which is a characteristic of the path only, is used to predict the 
optimum antenna size for this path. These observations are also used 
to predict the improvement provided by a diversity system employing 
two identical receiving beams separated in azimuth only. 


I. INTRODUCTION 


N RECENT YEARS considerable attention ha 
I been given the propagation of microwaves to dis- 
tances well beyond the horizon. Of the various 
characteristics of the received signal which have been 
the subject of measurement, those pertaining to the re- 
ceiver response when a narrow beam is directed off- 
bearing from the great-circle path are of concern here. 
Interest in off-path contributions to the received signal 
has been stimulated by the turbulent-scattering hy- 
pothesis! which has important consequences? in re- 
gard to realizable antenna gain and usable bandwidths. 
Inasmuch as this type of scattering would be incoherent, 
net power reaching the receiver would not be expected 
to come entirely from the precise direction of the trans- 
mitter. Thus, the plane-wave gain of a narrow-beam 
antenna would not be fully realized, and the associated 
range of delay times would cause signal distortion. 
The observations discussed below, which deal with 
transmissions at about 3000 mc over paths ranging from 
92 to 177 statute miles, have a direct bearing on this 
problem. They illustrate the distortions that are intro- 
duced in an antenna pattern owing to inhomogeneities 
in the atmosphere through which the wave propagates.* 
Section II of this report outlines the methods by which 
these observations were made and indicates qualita- 
tively the type of distortions in individual beam patterns 
that are likely to be encountered. In Section III, the 


* Manuscript received by the PGAP, January 24, 1957. Prepared 
under Signal Corps Contract DA 36-039-SC-63189. 

+ Stanford Electronics Labs., Stanford Univ., Stanford, Calif. 

t Cornell Univ., Ithaca, N. Y. Formerly with Stanford Electronics 
Labs., Stanford Univ., Stanford, Calif. 

1H. G. Booker and W. E. Gordon, “A theory of radio scattering 
in the scattering in the troposphere,” Proc. IRE, vol. 38, pp. 401- 
412; April, 1950. 

2H. G. Booker and J. T. deBettencourt, “Theory of radio trans- 
mission by tropospheric scattering,” Proc. IRE, vol. 43, pp. 281- 
290; March, 1955. 

3 A. T, Waterman, Jr., “A Note on Microwave Reception Well Be- 
yond the Horizon,” Tech. Rep. No. 8, Nonr 225(10), Electronic 
Res. Labs., Stanford University, Stanford Calif.; October 15, 1953. 


mean received power vs transmitting-antenna bearing 
is reduced for a series of observations, to illustrate the 
apparent beam broadening that results when a trans- 
horizon transmission path is used. In Section IV, an 
analysis is made and an angular scattering function is 
developed, which is used in Section V to obtain an ex- 
pression for the useful antenna width in transhorizon 
propagation. In Section VI, the usefulness of angular 
diversity as a result of the apparent beam broadening is 
discussed. 


II. QUALITATIVE OBSERVATIONS OF 
ANTENNA-PATTERN DISTORTIONS 


Chisolm and co-workers‘ and Trolese®’ have performed 
beam-swinging experiments, results of which indicate 
that a significant amount of the received power arrives 
from angles a degree or so off the great-circle path. 
Measurements reported here differ from Chisolm’s in 
that a movable narrow beam was used at only one end of 
the transmission path, the other end having a fixed 
broad beam. They differ from those of both Chisolm and 
Trolese in that the narrow beam was swung in azimuth 
through the great-circle bearing in a time interval which 
was short compared with the fading cycle of the re- 
ceived signal. Instead of averaging the received power 
associated with a given antenna orientation, this tech- 
nique effectively provides an instantaneous snapshot of 
the apparent horizontal antenna pattern as viewed from 
a location well below the earth’s bulge. 

Fig. 1 provides some examples of these instantaneous 
antenna-pattern snap-shots.? To obtain the records 
shown, the signal from a high-power pulsed transmitter, 
as its narrow-beam (0.9°) was swung rapidly and uni- 
formly in azimuth, was received using a relatively 
broad-beam (9°) stationary antenna. Both antennas 
were ground-based at elevations less than 40 feet above 
surrounding terrain. The rectified receiver output was 
displayed as the vertical deflection on an an oscilloscope 
whose beam was swept horizontally slowly enough to 
include the complete signal. Thus, the envelope of the re- 
ceived pulses portrays literally the effective horizontal 
transmitting-antenna pattern as seen from the receiving 
site. The pictures in the top row, Fig. 1(a)-1(c), were 
obtained in October, 1952, at a transmission distance 
of 92 miles. In Fig. 1(a) there is a double-peaked pat- 
tern, the left peak alone being roughly the shape of 
the free-space antenna pattern. Fig. 1(b) shows a very 


‘ J. H. Chisolm, ef al., “Multipath properties of tropospheric prop- 
agation,” Proc. IRE, vol. 43, pp. 1317-1335; October, 1955. a 

°L. G. Trolese, “Characteristics of tropospheric scattered fields,” 
Proc. IRE, vol. 43, pp. 1300-1305; October, 1955. 
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Fig. 1—Received patterns from a rotating transmitting 
antenna well beyond the horizon. 


much broadened pattern, while in Fig. 1(c) there is a 
marked skewing. The remaining pictures in Fig. 1 were 
made in March, 1953, over greater distances in which 
_ the terrain was exceedingly flat. Receiver gain setting 
was readjusted but other equipment factors were the 
' same as before. In Fig. 1(d)—1(f), the transmission dis- 
tance was 129 miles. The prominent feature here is the 
pronounced “flattening” of the main lobe (definitely not 
caused by logarithmic response or saturation of the 
receiver) and the increased strength of the apparent 
side lobes to within 4 or 5 db of the main lobe, as dis- 
tinct from the more-than-13-db difference measured at 
line-of-sight. After the distance was extended to 177 
miles, the last three pictures, Fig. 1(g)—1(i), were ob- 
tained. Similar characteristics of skewing, multiple 
peaks, and broadening are in evidence here. 

It is highly unlikely that these variations in apparent 
antenna pattern were caused by rapid fading of the sig- 
nal during the brief interval in which the transmitted 
beam was sweeping past. In each case, the single sweep 
of the oscilloscope occupied % second. Observations 
made with the transmitting beam stationary indicated 

no such rapid time fluctuations as could account for the 

_above phenomena. Consequently, it seems reasonable to 
assume that the observed patterns were caused by 
spatial distortions. Time variations take place from one 
picture to another (at least several seconds), but not 
within one passage of the transmitted beam. 

In order to provide a qualitative measure, of the ex- 
tent of broadening, the horizontal antenna pattern as 
viewed within line-of-sight was measured. It is shown as 
a smooth curve superimposed on the two received pat- 
terns of Fig. 2. In each of these pictures it is the relative 
shape of the distant pattern as compared with the line- 
of-sight pattern that is of significance, not the relative 
position either horizontally or vertically. There was no 
synchronization between antenna rotation and oscillo- 
scope sweep, so the precise instant at which the trans- 
mitting beam was aimed in the direction of the receiver 
was not known; and, of course, the line-of-sight signal 
level was many decibels above that measured beyond 


the horizon. 


Fig. 2—Examples of received patterns with antenna 
pattern superimposed, 


III. Mean Power vs AZIMUTH 


For the 92-mile path, it was possible to make use of 
the reflection from a mountain that was within line-of- 
sight of both the transmitter and the receiver to obtain 
a time reference for the comparison of different signal 
patterns. The terminals of this path are each approxi- 
mately 200 feet above sea level; the path is crossed by a 
range of hills 2000 feet in elevation at about one third of 
the distance from the receiver to the transmitter. This 
profile results in a minimum scattering angle of 1.7°. 

Fig. 3 is a plan view of the path to illustrate how the 
rotating transmitting beam is reflected from the moun- 
tain 5.5° before reaching the great-circle bearing. This 
reflection provides a signal at the receiver that is a 
duplication of the transmitting-antenna pattern and one 
that is consistent from sweep to sweep. 

Because of a lack of knowledge of the exact location 
of the reflecting area, no great accuracy can be attached 
to the instantaneous antenna bearing as determined 
from this signal; however, the relative positions of the 
antenna for different sweeps could be determined to 
within 0.1°. 

Some typical pictures that include this reference sig- 
nal are shown in Fig. 4. Each set of three pictures repre- 
sents three consecutive passes of the transmitting beam 
at the rate of one pass every 12 seconds. The portion of 
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Fig. 3—Plan view of propagation path. 


Fig. 4—Examples of received patterns with reference 
signal included. 


the signal shown at the left of the picture is that re- 
ceived from the direction of the mountain—a separate 
narrow-beam antenna directed at the mountain was 
used to receive this signal. This reference signal remains 
unchanged in shape for a set of pictures, while the signal 
at the right, received on a 9° antenna beam directed 
along the great-circle path, shows the same variability 
that was discussed in connection with Figs. 1 and 2. 
For Fig. 5, the data from two sets of consecutive pic- 
tures have been converted to power and plotted with 
their reference signals aligned. Thus, all the pictures of 
one set are plotted to a common antenna-azimuth scale. 
This plot clearly illustrates that the signal received 
along the great-circle path not only fades in amplitude, 
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Fig. 5—Received power vs transmitting-antenna azimuth for two 
sets of consecutive passes of the transmitting antenna. Azimuth 
relative to that of the reflecting mountain. 


but also changes shape, and that the direction for maxi- 
mum signal shifts, relative to a fixed bearing. 

Using the reference signals to align the pictures of a 
set, the received power can be averaged for each bearing 
to obtain a resultant curve of mean received power vs 
transmitting-antenna bearing. Examples of these curves 
of mean power are plotted in Fig. 6 along with the actual 
free-space transmitted pattern (dashed curve) to illus- 
trate the apparent beam broadening. 

If the width of the mean-power curve for 25 consecu- 
tive passes requiring 5 minutes is compared with that 
for 25 taken during the following 5 minutes, little differ- 
ence is detected. However, from day-to-day, or at differ- 
ent times of the day, no such consistency is observed. 
The observed half-power widths varied from 1.0 to 1.8° 
with a 0.9° transmitting beam, and from 1.6 to 2.5° with 
a 1.3° transmitting beam. Attempts to correlate these 
variations with meteorological conditions have not been 
successful thus far. At this point, about the only general 
comment that can be made is that there appears to be 
an upper limit to the broadening and that, about half 
the time, the broadening exhibited is almost equal this 
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ANTENNA BEARING RELATIVE TO GREAT-CIRCLE PATH 
Fig. 6—Examples of mean received power vs transmitting antenna 


bearing. Free-space pattern of transmitting antenna shown with 
dashed curve. 


maximum value. The broader of the two curves of Fig. 6 


_ is typical of this half of the data. 


IV. ANGULAR SCATTERING FUNCTION 


Curves of mean received power vs azimuth are de- 
pendent not only on the path geometry and the scatter- 
ing properties of the atmosphere, but also upon the 
beam pattern of the rotating antenna. Only for an in- 


finitely narrow beam can the received pattern be in- 


_ terpreted directly in terms of the scattering. If the pat- 


‘ 


a Tan ind 


~ 


tern of the rotating antenna is known, however, the de- 
- sired information is available from the application of a 
- Fourier analysis. 


In order to make the desired Fourier analysis, we in- 
troduce a scattering function pe) equal to the received 
power for an infinitely narrow transmitting antenna 


- beam of unity gain. Thus, p.a) is the response of this 


system to a unit impulse of antenna gain. If it is as- 
sumed that energy coming from different parts of the 
scattering volumes is uncorrelated, then the contribu- 
tions to power will add and the net received power may 


_ be written in the same form as the superposition integral 


where the output of an electric circuit is written in terms 


of response of the circuit to a unit impulse. Thus, in 
- terms of the bearing angles defined by Fig. 7, the received 
_ power as a function of transmitting antenna position is 


+r 
G (a—ay)P (a) do 


a5 


Pay) 7 


where 


G(a—e,) =gain of transmitting antenna in the a direc- 

tion when the antenna itself is directed at a1. 

Pia) =received power per unit azimuth angle for 
unity transmitting antenna gain. 
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(a-a) 4 
a 
LE 
TRANSMITTER = af} 
a, 
+7 


RECEIVED POWER = Pia) = Kf Pa) G(a-a,) da 
-7 


RECEIVER PATTERN - 
UNIFORM IN IMPORTANT 
DIRECTIONS 


RECEIVER 


Piq) = SCATTERING COEFFICIENT AS FUNCTION OF 
AZIMUTH ONLY 


Fig. 7—Plan view illustrating relationships among received power, 
rotating beam pattern, and rotating beam position. 


The analogy between (1) and the superposition in- 
tegral of electric-circuit analysis can be carried further. 
Fourier transforms can be applied to this situation pre- 
cisely as they are to electric circuits. Thus 


F[P cay] = F [Ga |-F [Pay | (2) 


where & indicates the Fourier transform of the bracketed 
function. If (2) is solved for pia), we obtain 


Danaea fale 


3 
F [Gray | BA 


where §~! indicates the inverse Fourier transform. Eq. 
(3) gives a method of determining p(a) from a knowledge 
of received power vs azimuth and the rotating-antenna 
gain pattern. 

The operation just described (except that the Fourier 
series form was used) was performed on the two Pia) 
curves of Fig. 6, and the resultant p.a) curves plotted in 
Fig. 8 (solid lines). Although the data for Figs. 6 and 8 
were obtained using a 0.9° transmitting beam, similar 
results were obtained with a 1.3° beam; that is, the 
broadest p,q) curves were essentially the same width for 
both beams. 

In order to make a comparison between the broaden- 
ing so observed and that to be inferred from various 
theoretical models, some computations were carried out 
under the assumption of a noncoherent volume scatter- 
ing. The received power, in such circumstances, can 
be expressed as a volume integral involving antenna 
gain functions and the scattering cross section ¢ (power 
scattered per unit solid-angle per unit incident power- 
density per unit volume). If one of the volume coordi- 
nates is the azimuth angle a, then integration over the 
other two yields the above scattering function pia). Such 
integrations were performed numerically for an approxi- 
mation to the experimental radio path which involved 
the following simplifications: 1) receiver-antenna gain 
independent of azimuth and elevation; 2) transmitter- 
antenna gain dependent on azimuth only; 3) same mini- 
mum scatter angle of 1.7° as on actual path; 4) a hori- 
zontal intersection of the two radio horizons; and 5) 
same location of radio-horizon intersection with respect 
to the two terminals as on actual path. The resulting 


— OBSERVED 


--- CALCULATED FOR 
DIFFERENT 
SCATTERING MODELS 


a-AZIMUTH RELATIVE TO GREAT-CIRCLE PATH 


Plot of Angular Scattering Function 


Experimental curves for 92-mile path with 1.7° between radio hori- 
zons. Calculated curves for smooth earth path with 1.7° between 
horizons. 

A) oe fourth power with scatter angle and uniform with 
eight. 
B) Inverse fourth power with scatter angle, but limited to inter- 
section of two horizontal planes. 
C) Same as B, except inverse eighth power. 


Fig. 8—Scattering as a function of azimuth for omnidirectional re- 
ceiving antenna and no elevation dependence at transmitting an- 
tenna. 92-mile experimental path with minimum scattering angle 
of 1.7°. 


curves, shown as dashed lines in Fig. 8, correspond to 
the following three scattering dependencies (of the cross 
section @): 

Case A) Inverse fourth-power dependence on scatter 
angle and uniform scattering with height. 

Case B) Inverse fourth-power dependence but scat- 
tering limited to the intersection of the two radio hori- 
zons—as with scattering from a low layer. 

Case C) Same as B but with inverse eighth-power 
dependence on the scatter angle. 

The half-power widths of the empirical and theoreti- 
cal curves of the scattering function pia) are listed in 
Table I (for the same data as employed in Fig. 8). 


TABLE I 


HALF-POWER WIDTH OF SCATTERING-FUNCTION 
CURVES pva) 


Observed experimentally Computed theoretically 


1) Typical of half the Case A: RAP 
data: 
Case B: 0.75° 
2) An example from oth- 
er half of data iO Case C: 0.49° 


It is to be noted that only one of these theoretical 
models (Case A) yields a pattern of a breadth compa- 
rable with the cases observed; and even it is not as wide 
as the broader of the two empirical curves (solid lines). 
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The implication is that if the propagation mechanism 
involves a noncoherent volume scattering characterized 
by an inverse power dependence on scattering angle 
(o «1/6"), then this power must be less than fourth 
(m <4), to account for the amount of beam broadening 
observed in about half the sets of observations. If the 
scattering decreases with height, then this power would 
have to be smaller still. Application of more realistic 


assumptions than 1) and 2) above would merely ac- | 


centuate these conclusions. 


: 


ee 


4 


As an alternative to a turbulent volume scattering, — 
various researchers® have suggested a mechanism involv- — 
ing reflections, or partial reflections, from layers, or por- — 
tions of layers, which are observed to be present a large - 
part of the time in many geographical locations. Each — 
individual reflection would contribute a received power — 
pattern indicative of the moving transmitted beam pat-— 


tern. Contributions from the various reflecting patches 


would differ in amplitude, phase, and location, and these — 


contributions would add vectorially to produce the re- 
sultant observed power pattern. Referring back to Fig. 
5, it is apparent that there are cases in which the ob- 
served pattern can be constructed from the vectorial 


addition of a limited number of such contributions. 


However, in attempting to explain all the observed pat- 
terns in this fashion, one soon finds that the number of 
contributing reflections required becomes large. Conse- 
quently, the degrees of freedom for fitting the experi- 
mental data go up, and confirmation becomes meaning- 
less unless the postulated model is made specific as to 
the interrelation between the contributing reflections. 


V. UsEFUL ANTENNA SIZE 


The curves of Fig. 8 contain information that is ap- 


plicable to the determination of the useful width of an- 

tenna aperture. If an antenna size is so chosen that its 

beam is just filled by the important scattering volume, 

the antenna beamwidth must equal the width of the 

appropriate p(q) curve, and the aperture width is 
a (4) 
W, 


where: 


D =horizontal dimension of the aperture 
dX =wavelength 
W, =half-power width of p,a). 


On this basis, the useful antenna width for a frequency 
of 3000 mc and the experimental conditions that gave 
the broadest pa) curves is approximately 12.5 feet. 


“Useful width,” as used here, refers to an aperture 


size which forms a not-too-sharply defined boundary 


°H. T. Friis, A. B. Crawford, and D. C. Hogg, Bell Telephone 
Labs., Holmdel, N. J.; J. B. Smyth, Smyth Res. Assoc., San Diego, | 


Calif.; W. S. Ament, Naval Res. Lab., Washington, D. C 
Bauer, Lincoln Labs., M.I.T., Lexington, Mass. 
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between “small” antennas, whose beams ‘are wide 
enough to illuminate the entire portion of the atmos- 
phere which contributes to the received signal, and 
“large” antennas whose beams are so narrow as to il- 
_luminate only part of the significant portion of the at- 
“mosphere. It is closely akin to Gordon’s concept of 
horizontal diversity-distance,’ and represents the region 
in which realization of the full plane-wave gain of the 
antenna begins to deteriorate. 
It is possible to generalize (4) so as to apply to propa- 
gation over a smooth spherical earth if one makes two 
simplifying but fairly plausible assumptions: 1) that the 
experimentally observed width W, of the received power 
pattern can be adjusted (on theoretical grounds) to 
apply to a symmetrical path having the same minimum 
scattering angle—this adjustment amounts to increas- 
ing the width by a factor of 1.3—and 2) that the width 
so adjusted (W,’) is porportional to minimum scattering 
_angle 6 for any particular path. For smooth terrain un- 
obstructed by hills, 8): =d/a, in which d is the great-cir- 
cle path length and a is the effective earth radius. Tak- 
ing the empirical value for the broader of the two 
“curves above (Fig. 8 and Table I), one has W, =1.5°, so 
that W,’=1.3 X1.5°=1.95°; and for the path in ques- 
tion, 9)=1.7°. Then the expression for useful antenna 
aperture becomes 


E d 


IN 
| an) 
E Ao a 


r Aa 


= a. (5) 


asy( 2) 1.1d 
; LT a 
This generalization of an empirical result is about half 
the magnitude of Gordon’s theoretically derived result,’ 
which when rearranged to have a form corresponding to 
(5) is 

da 


D= 6 
0.67 d ‘) 


VI. ANGULAR DIVERSITY 


Since the propagation mechanism under consideration 
is a linear phenomenon, the curves of Fig. 5 may quite 
properly be interpreted as curves of received power vs 
receiver-antenna bearing to provide information as to 
the improvement that might be expected from the ap- 
plication of angular diversity to this path. For example, 
the intersections of the individual curves of Fig. 5 with 
the two vertical lines marked 5° and 6° indicate the 
powers that would be received on two beams identical 
in shape to the test antenna and directed one-half de- 
gree either side of the great-circle path (5° and 6° from 


7W. E. Gordon, “Radio scattering in the troposphere,” Proc. 
IRE, vol. 43, pp. 23-28; January, 1955. 
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the reflecting mountain). With a large enough sample 
of consecutive pictures, one could then determine the 
probability that a certain power level was exceeded by 
one or both beams and compare it with the probability 
when using a single antenna directed along the great- 
circle path. 

Figs. 9 and 10 show angular-diversity information 
taken from two sets of received-power patterns, one 
with a 0.9° beam and the other with a 1.3° beam. (To ob- 
tain this data, it was assumed that the two antennas 
would be symmetrically placed with respect to the 
transmitter bearing that resulted in maximum average 
power.) Both of these diagrams indicate that the opti- 
mum angular separation between the two beams of an 
angular-diversity system is approximately equal to the 
half-power width of the beams employed. The width of 
each of the two beams used for these experiments was 
smaller than W,, the angle subtended by the important 
scattering volume; no attempt should be made to gen- 
eralize this equality to include antenna beams larger 
than W,. 

There are two ways in which varying the angular 
separation between the two beams of an angular-di- 
versity system can affect the probability that a given 
level is exceeded on at least one of the beams: 1) The 
mean power available on each beam must decrease as 
the separation increases as shown in Fig. 6 and the 
probability of reaching a certain level decreases as the 
mean decreases. 2) As the beam separation is increased 
the scattering volume common to both beams decreases 
thereby decreasing the correlation between the two sig- 
nals and increasing the probability. That is, at zero 
separation the correlation is unity and the probability is 
equal to p, the probability with a single beam; as the 
correlation decreases to zero the probability increases to 
2p—p*. At separations greater than the beam width, the 
correlation is essentially zero so that only the first 
factor, mean power, affects the probability; the prob- 
ability decreases continuously as the separation is in- 
creased beyond the beam width. At small separations 
the mean power does not change greatly so 2) should be 
the predominant influence. Thus, the probability should 
increase as the separation is increased from zero, reach a 
maximum in the neighborhood of the beam width, then 
decrease to zero at large separations. 

The curves of Figs. 9 and 10, which were derived 
from data obtained with a sweeping antenna beam, 
agree qualitatively with what one would expect actually 
using two separate beams. They indicate that the ap- 


- application of angular diversity to a scatter link can in 


fact effect some improvement in the time that a given 
signal level is exceeded. 
VII. CoNcLUSION 


In propagation to distances appreciably beyond the 
radio horizon, narrow-beam 3000-mc transmissions ex- 
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ANGULAR DIVERSITY 
USING | 
0.9° BEAMS 
OBTAINED FROM 47 OBSERVATIONS 
OF POWER VS ANTENNA AZIMUTH 
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PERCENTAGE OF TIME INDICATED LEVEL IS EXCEEDED BY AT LEAST ONE BEAM 


2¢ 4° 
ANGULAR SPACING BETWEEN 2 BEAMS POSITIONED SYMMETRICALLY 
ABOUT THE GREAT-CIRCLE PATH 


6° 


Fig. 9—Probability of exceeding each of four different power levels 
by at least one of two antennas as a function of the spacing be- 
tween them. 


hibit spatial distortions introduced by the atmosphere. 
These distortions in the apparent received antenna pat- 
tern at times indicate a displacement in angle of arrival 
from the great-circle bearing and at other times a gen- 
eral smearing in effective angle of arrival. The average 
received power pattern is appreciably broader than the 
antenna pattern alone. 

The net received signal can be considered as consisting 
of several components bearing no systematic phase re- 
lationship to one another. On the basis of these results it 
is possible to define an atmospheric scattering function 
characteristic of the transmission path only. This func- 
tion, together with its half-power width, has been calcu- 
lated for the received power patterns measured. 
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ANGULAR DIVERSITY 
USING 
1.3° BEAMS 


OBTAINED FROM 49 OBSERVATIONS 
OF POWER VS ANTENNA AZIMUTH 


PERCENTAGE OF TIME INDICATED LEVEL IS EXCEEDED BY AT LEAST ONE BEAM 


MO ss | 


o° i 
ANGULAR SPACING BETWEEN 2 BEAMS POSITIONED SYMMETRICALLY 
ABOUT THE GREAT-CIRCLE PATH 


Fig. 10—Probability of exceeding each of four different power levels 
by at least one of two antennas as a function of the spacing be- 
tween them. 


If the propagation mechanism involves a turbulent 
volume scattering characterized by some inverse power 
dependence of cross section on scattering angle, then 
the amount of beam broadening typical of about half the 
observations requires this power dependence to be less 
than fourth (i.e., if o<@-”, then m <4). 

The useful antenna aperture size, indicative of the 
transition between full and partial realization of plane- 
wave gain, has been calculated for the experimental 
path and generalized so as to apply to others. 

The measurements have been interpreted quantita- 
tively in terms of the statistical improvement realizable 
through the use of angular diversity. 
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Back-Scattering Cross Section of a Thin, Dielectric, Spherical Shell* 
MOGENS G. ANDREASEN} 


Summary—The back-scattering cross section of a thin, dielectric, 
spherical shell is calculated on the basis of simplified boundary con- 
ditions at the shell. These conditions approximate the correct condi- 
tions at the shell better, the higher the dielectric constant of the shell, 
and the less the variation of the normal component of the electric 
field along the surface of the'shell. Numerical results are added for a 
shell, whose electrical radius kr:<5, and whose thickness d and 
dielectric constant x. obey the relation (x.—1)kd=0.4. A comparison 
is made, with the results obtained, by applying Rayleigh’s scattering 
law to objects that are small as compared to the wavelength. 


INTRODUCTION 


N THE RADAR technique, the capacity of an object 
| for reflecting power back to the radar is expressed 

by the back-scattering cross section of the object. 
This usually is defined as the scattering area of the ob- 
ject, as seen from a distant transmitter, the object being 
to scatter isotropically. If one denotes the distance be- 
tween the transmitter and the object by R, the electrical 
component of the incident field at the object by Eo, 
and that of the scattered field at the transmitter by F,, 
the back-scattering cross section may be written 


| Es |? 


o = 4rR? 
| Zo? 


(1) 


It is the aim of this paper to determine the back- 
scattering cross section of a thin, dielectric, spherical 
shell. This problem was solved previously by Aden! for 
a shell of arbitrary thickness. However, the results ob- 
tained by Aden are rather complicated for numerical 
treatment. The investigation of the present paper is con- 
fined to the practically important case of a shell being 
thin geometrically as well as electrically. For this case, 
numerical computations are relatively easy to make, as 
simplified boundary conditions of the electromagnetic 
field at such a shell may be used for the determination of 
the field scattered from the shell. 


FORMULATION OF THE PROBLEM 


The back-scattering cross section of a thin, dielectric, 
spherical shell, is expressed by the field scattered from 
the shell, back towards the transmitter. For the purposes 
of the following calculations, the transmitter is assumed 
to be placed at the point (x, y, z)=(0, 0, R) of the co- 
ordinate system in Fig. 1. Further, the field radiated by 
this transmitter in the negative z direction towards the 


* Manuscript received by the PGAP, March 21, 1956. 

+ Siemens & Halske, Munich, Germany. | y 

1A. L. Aden, and M. Kerker, “Scattering of electromagnetic 
waves from two concentric spheres,” J. Appl. Phys., vol. 22, pp. 
1242-1246; October, 1951. 


Fig. 1—Coordinate system used for the calculations. 


spherical shell, the center of which coincides with the 
origin of the coordinate system, is assumed to be linearly 
polarized in the direction of the x axis. 

The field scattered from the shell will be found by ex- 
panding the primary and certain secondary fields in 
spherical TE and TM waves and then satisfying the 
boundary conditions of the electromagnetic field at the 
shell. For a shell being thin geometrically as well as 
electrically, simplified boundary conditions previously 
used by the author? may be used with advantage. The 
actual shell is replaced by a shell of infinitesimal thick- 
ness 6 and dielectric constant e’, chosen so that lims.o 
(de’) =(ke—1)eod, where x, and d denote the relative di- 
electric constant and the thickness, respectively, of the 
actual shell, while € is the dielectric constant of the free 
space outside the region occupied by the shell. Accord- 
ing to the paper referred to above,” the boundary con- 
ditions of the tangential component of the electric field 
at the infinitesimally thin shell are, using the time 
factor e”?, 


2 M. G. Andreasen, “Radiation from a radial dipole through a thin 
dielectric spherical shell,” submitted for publication to IRE TRans. 
ON ANTENNAS AND PROPAGATION. 


268 


Here # is a unit vector normal to the shell and oriented 
from medium 1 to medium 2 at either side of the shell, 
while ¢ and & are the specific impedance and the propa- 
gation constant, respectively, of free space. This set of 
boundary conditions is approximate, however, assuming 
that kd<1, (k,—1)kd<1, and x.>>1, or that the gradient 
of the normal component of the electric field along the 
surface of the shell is small as compared with the tan- 
gential component of the electric field at the shell. For a 
shell being small, as compared to the wavelength, the 
latter condition cannot be fulfilled; thus, for small shells 
the boundary conditions stated are valid only for 
Ke>>1. On the other hand, for a shell of the same order of 
size as, or greater than, the wavelength, the latter con- 
dition is fulfilled to a good approximation. In such a case, 
it is not necessary to assume the dielectric constant of 
the shell to be great in order to use the simplified bound- 
ary conditions (2). 

By replacing the actual thin shell by a shell of in- 
finitesimal thickness, only one set of equations evidently 
is required for determining the field scattered from the 
shell. This fact greatly simplifies the following analysis 
in contrast to the case of a shell of arbitrary thickness, 
where two sets of equations are necessary for determin- 
ing the scattered field. 


PRIMARY FIELD 


As the spherical shell is assumed to be placed in the 
far zone of the antenna (see Fig. 1), the primary field at a 
point # in the neighborhood of the shell represents a 
plane wave, the only nonzero field components of which 
are 


E, = Eye-th®-(B-7), (3) 
H a (4) 
J c 


Eo being a constant. This field is expanded in spherical 
TM and TE modes by introducing the magnetic and 
electric vector potentials A and F given by 


Dah = Vx h= VX (FP), (6) 
The scalar potentials A and F satisfy the homogeneous 


wave equation and determine the electromagnetic field 
vectors through the following spherical field components 


1 0?(rA) 
£, = -— | + bra | 
JPME or? 
1 1 d?(rA) 1 eer 
Ey = - read (7) 
Jwomoeo Yr Orod €) sind d¢ 
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1 0?(rF) 
i, == | + k*rF 
jopoeoL Or? 
1! 1 O-rF 1 1 oA 
Ey = reer sa Ra Eee (8) 
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From this set of relations and from the radial compo- 
nents of the primary field (3), (4) 


(9) 


(10) 


1p ID sin 6 cos d e ik(R—r cos 6) 
E . 
1 RS — sin @ sin @ etk(R—r cos 6) 
the expansion of the potentials of the primary field in 


characteristic spherical wave functions may be shown 
to be 


2 dP,,(cos 6 

A pr = COS >, Mnjn(kr) ese (11) 
n=). do 
x } dP,,(cos 6) 

Fr = sin @ >> Nnjn(kr) ———— > (12) 


n=1 6 


jn and P, being the spherical Bessel function and the 
Legendre polynomial, respectively, and the constants 
M, and J, being given by 


2n + 1 


— 4/upeo Ee 7* Bi" 
V oeoEo aaa 1) 


Mn = (13) 


M,, 
G 


SCATTERED FIELD ° 


Nn = 


(14) 


The field outside the shell (region 2) may be expressed 
by the sum of the primary field and the scattered field. 
The latter represents diverging waves, whereas the field 
inside the shell (region 1) represents standing waves. 
Thus, considering (11) and (12) we may express the po- 
tentials inside and outside the shell by 


Ss dP,(cos 6 

Ax = cos@ >, Cnjn(kr) wali (15) 
n=1 dé 
ee adP,,(cos 6 

F, = sin ¢ Sy Dnin( kr) —?, (16) 
n=1 : 


Ap = Apr + A, = cosd Dy [Mnjn(kr) + Anhtn®(Rr) | 


dP,(cos 6) ae is 
anit (17) 


F, = Fp, + F, = sin @ Dy [Wnin(r) + Bahn® (Rr) | 
n=1 


dP,,(cos @) 


Bb ’ (18) 
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where h,, is a spherical Hankel function of the second 
kind. The constants An, B,, C,, and D, may be deter- 
mined by satisfaction of the simplified boundary condi- 
tions (2) at an equivalent, infinitesimally thin shell of 


_ radius 7;. According to (7) and (8) these ocnditions of the 


field are reduced to the following conditions of the po- 
tentials 


0A, OAs 
yi oa BBS; 
Bib -AlER Kore ene Seal ae 
LRT eine IE) ich a 
1 AI RO ae ig oe 


and 
OF 5 


1 aFy 
(xs — 1)kd La(kr) 
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: for r=r. To find the field scattered from the shell, the 
_ interest attaches only to the constants A, and B, which, 


Sy = [1 + ile. — 1) Rd bry jal brs) bride, (Bri) 1 


when inserting the potentials (15)—(18) into the above 
boundary conditions and making use of the following 
relation between spherical Bessel functions 


_ . d[phn®(p) | d[pjn(o) | 

Fale) hh, (p) — = = )3=—20 
dp dp Jp 
are found to be given by 

d| krijn(k 2 

As = — (Ke = dhe | RM), (22) 
d(kri) 

Bn = — j(ke — 1)kd[krijn(kri) |2SnNn, (23) 


where for simplicity the constants R, and S, below have 
been inserted. 


d [krvin(kri) | 
d(kr;) 
| (24) 
d( kry) 


Ry =| 1+ ile = Nad 


(25) 


Now, as the field scattered from the spherical shell is 
polarized in the x direction at the position of the an- 
tenna, the electric component of the scattered field at 
this point follows from the @ component of (7) by in- 
serting the potentials A, and F, from (17) and (18) and 
then setting 6=¢=0 and r=R. The contributions given 
by the scattered TM waves thus are 

eel 


jupoeo R 


-cos ¢ >) An 
n=1 


d[kRIn®(RR) | d?P,(cos 8) 
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and similarly the contributions given by the scattered 
TE waves are 
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(27) 
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As it has been assumed that the shell is placed in the 
far zone of the antenna, kR>>1, these expressions may 
be reduced by inserting the asymptotic expression of 
the spherical Hankel function of the second kind 


(Ga ip 


In (p) = rt? — for p > n. (28) 


Further, using the relations below applying to the 
Legendre polynomials 


a?P,,(cos 0) _ 1. 4P,(cos 6) 
de? 6=0 sin 6 do 6=0 
n(n +1 
=— mee, (29) 


the electrical components (26, 27) of the scattered field 
may be transformed into 


1 e-ikk © _ n(n + 1) 
Es = — 7 oe) 
JME IY Beta 2 
Ne aes me n(n + 
Esvn = me Cf Y —— (a) 
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where the constants A, and B, were found previously 
(2223). 


BackK-SCATTERING Cross SECTION 


The electrical component of the field scattered from 
the spherical shell, at the position of the antenna, is 
equal to the sum of the contributions (30), (31) found 
above from the scattered TM and TE waves, E,= 
Eyma+E.1n. By inserting this into (1) for the back- 
scattering cross section and then reintroducing the sec- 
ondary constants A, and B,, (22), (23) and the primary 
constants M, and JN, (13), (14), the back-scattering 
cross section of a thin, dielectric, spherical shell of radius 
rv, is found, normalizing it with respect to the geometrical 
cross section 771” of the shell, to be given by 


b (xe — 1)kd 2 
sige ton Site 
Tr? kry =1 
d| krijn(kri) | 
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This expression has been treated numerically, 6/1? 
being represented in Fig. 2 as a function of kr; of a shell 
for which («.—1)kd =0.4. The strongest resonance of the 
shell is seen to be had for k&22, the circumference of 
the shell thus being two wavelengths. 

When the radius of the spherical shell is small as com- 
pared with the wavelength, kri<1, the back-scattering 


)(2n + 1) 


2 


#32) 


Fig. 2—Back-scattering cross section 6 of a thin, dielectric, spherical 
shell of radius 71, (xe—1)kd being equal to 0.4. 


cross section of the shell must be proportional to ‘, 
according to Rayleigh.’ This is in fact found to be the 
case; letting kr:<1, all terms +1 of the infinite sum 
of (32) are negligible as compared with the term n=1, 
and furthermore 


d|\ kriqi( kr M4 
dLersisCbry) | ~—kr, for kr <1, (33) 
d(kri) 3 
kriji(kri) = 0 for kr; < 1, (34) 
Ri =1 for kr, = 1 (35) 


so that the back-scattering cross section (32) of the 
spherical shell may be reduced to 


3 Lord Rayleigh, “On the scattering of light by small particles,” 
Phil. Mag., vol. 41, pp. 447-454; 1871. 
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reek a [(ke — 1) kd]?( ri)”. (36) 


rr 
The scattered field (30), (31) may in this case be identi- 
fied with the field produced by a distribution of dipole 
moment which per unit volume of the region occupied 
by the shell is 
2 

p= ty (ke — leo. (37) 
This result might have been found also by considering 
the problem from an electrostatic point of view. As has 
already been pointed out in this paper, (37) derived 
above is only valid for large values of «.. For small 
values of x.—1 an electrostatic treatment gives for the 
polarization p= (ke—1)éoHo. 

The back-scattering cross section (36) applying to a 
small shell with a great dielectric constant has been com- 
pared in Fig. 2 with the results obtained by using (32). 
The single-term approximation is seen to be very poor 
unless the radius of the shell is extremely small com- 
pared with the wavelength. 
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Serrated Waveguide—Part I: Theory* 
ROBERT S. ELLIOTT 


Summary—A corrugated waveguide in which the corrugations 
pierce the broad wall, permitting leakage, is called a serrated wave- 
guide. Controlling the size and spacing of the serrations will permit 
the design of a practical traveling-wave antenna. 

In this paper, an analysis is presented for the case of serrations 
which have a transverse dimension equal to the width of the broad 
wall, and longitudinal dimension and spacing that are small com- 
pared to a wavelength. 

The analysis yields an expression for the complex propagation 
constant of the leaky hybrid mode in the serrated guide, and compu- 
tations reveal an adequate range of leakage. 


* Manuscript received by the PGAP, April 7, 1956; revised man- 
uscript received, January 15, 1957. The research reported in this pa- 
per was supported in part by the Air Force Cambridge Res. Ctr. 
under contract with the Hughes Res. Labs. 

{ Rantec Corp., Calabasas, Calif. 


INTRODUCTION 


N 1954, Stegen and Reed! reported the development 
I of a novel antenna which was basically an array of 

leaky coaxial transmission lines. The outer coaxial 
conductor was rectangular in cross section and one of its 
broad walls contained a family of transverse, closely- 
spaced, nonresonant slots. The inner conductor was 
capacity-loaded to achieve a phase velocity greater than 
that of light. The result was a traveling-wave antenna 
yielding a main beam close to endfire and a pattern, be- 
tween the main beam and broadside, approximating 


1R. J. Stegen and R. H. Reed, “Arrays of closely spaced non- 
resonant slots, TRE Trans., vol. AP-2, pp. 109-112; July, 1954. 


July — 


cosecant squared. The longitudinal aperture distribu- 

tion was controllable through the slot dimensions. Two 

or more such leaky coaxial lines could be placed side by 
_ side with negligible interaction through mutual cou- 
_ pling, and thus a transverse aperture distribution could 
_be built up by conventional techniques. 
It was recognized that the same type of operation 
could be obtained if the inner conductor were removed 
and the outer conductor were fed with the dominant 
rectangular waveguide mode. It was further recognized 
_ that such a leaky waveguide was much akin to a corru- 

gated waveguide, the principal difference being whether 

or not the corrugations extended all the way through 
the broad wall. The ensuing study revealed that the 
aperture distribution, in amplitude and phase, was gov- 
erned by the slot dimensions and wall thickness, where- 
as in the Stegen and Reed antenna the control param- 
eters were slot dimensions and capacity-loading. 

For convenience, it was decided to call a rectangular 
waveguide containing closely-spaced, nonresonant, 
transverse slots in one of its broad walls a serrated wave- 
guide. A photograph of typical serrated guides is shown 
in Fig. 1 and an artist’s sketch in Fig. 2. The following 
sections of this paper are devoted to an analysis of the 
serrated waveguide for the limiting case L=a,G+T<yXo, 
and #>>1. 


Se 


we 


THEORY 


The procedure for obtaining field solutions which sat- 
isfy the boundary conditions for a serrated rectangular 
waveguide follows that previously used for a corrugated 
- guide.? Floquet’s theorem applies, and it is assumed that 
_the exciting source is a TEo: mode incident from a tan- 
dem section of regular guide. Referring to Fig. 2, if 
_ L=a, the allowable modes in the interior of the wave- 
guide are then hybrid, characterized by the absence of 
an E, component, and given by 
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2R. S. Elliott, “On the theory of ‘corrugated plane surfaces,” IRE 
Trans., vol. AP-2, pp. 71-81; April, 1954. 
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Fig. 2—Geometry of the serrated waveguide. 


The complex constants I, are related to each other 
(through Floquet’s theorem) by the expression 
‘ T4+4 2rn 3) 
Pe ae ae 
in which T is the width of a tooth and G is the width of a 
gap. The goal of this analysis is to determine Ip as a 
function of the waveguide dimensions and the frequency 
of operation. Time variations of the form exp[jwt] have 
been suppressed. 
With the origin of coordinates chosen as shown in 
Fig. 2, and with L =a and t=0, the field distribution in 
the gap adjacent to the origin may be written 


E, = — jopBo cos { (KZ + wn) exp [jK(y + h)] 


+ (KZ — wp) exp [—jK(y + h)]} 


£0 mrx TZ 

+ >> Bm cos -cos —-exp [+yny] 
m=1 a 

oO mT marx 12 


By sin 
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m=1 Ym! 


cos — exp [+Ymy] 
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ese 
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m=1 JOWY ma G G i 
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T eS ‘ B 
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a 
+ (KZ — wu) exp [—jK(y + h)]} 
oo 1 Marx 2 
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m=1 JOM a G 3 
TS : 
de => — 7KBo eee { (KZ = wu) exp [iK(y ay h) | 
— (KZ — wn) exp [—jK(y + h)]} 
© K2 mr x 1 
a - B,, Cos -cos —-exp [+yny] (4) 
m= JOMYm a 
in which 
(/ (7) Ke (5) 
Vere ea tor 
Gs 
and 
G 
ie (=. hs 0) 
D) 


G 
#.(<5-1,0) 
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is the ratio of the transverse electric and magnetic field 
components for the fundamental mode, measured at the 
boundary between the gap and the external environ- 
ment. Implicit in (4) is the concept that each slot is an 
open-ended waveguide of length h. The m series repre- 
sents that combination of TM and TE modes, all beyond 
cutoff, which together satisfy the requirement that 
E,=0. It is assumed that the slot width G is so small, 
compared to the free space wavelength Xo, that all of 
these modes are attenuated to a negligible amplitude 
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Since the tangential fields must be continuous across 
the boundary between the two regions, that is, across 
the plane y=0, one may write 


a/2 GT __y 
. iL Fy, x He °: aoa 
~—a/2 0 


-[{" ‘fe Fix Hi" td (7) 9 
—a/2 } 


—_ => 
in which £,, H, are unknown fields expressed in terms of 
> = 


(1), and Ey, H; are the unknown fields expressed in 


terms of (4). All terms of the integrands of (7) contain z 


only in the factor cos 7z/a. Hence, (7) reduces to 


G4 G 
if Eds = f EH*dx (8) 
0 0 
where 
E=— >> A, sinh T,b-exp [—T,.2] (9a) 
H=- cosh T,b-exp [—T,x] (9b) 
n=—o ay 
E = — jouBo{(KZ + on) exp [jKz] 
+ (KZ — wp) exp [—jKh]} 
22 MT xX 
+ >> By, cos —— (9c) 
m=1 
H = — jKB,{(KZ + wp) exp [jKh] 
—(KZ — wn) exp [—jKh]} 
Se POKe: mx 
=—Dye By, COS (9d) 
m=1 JOKY m 
and 
Eve BE: H=H for OS x4 = G; (10) 


The Fourier coefficients, 4, and B,,, may be expressed 
in terms of integrals of the unknown electric field, that 
is, 


1 Gur 
A,* = —- ee f iF ie 
(G + T) sinh 7,*b J, ep ilalan (11) 
Gr 
ib E*dx 
Bot = — * ~ : (12) 
jouG {(KZ* + wy) exp [—jKh] + (KZ* — wn) exp [+jKh]} 
ates Z ie mr x 
nt = ah cos G dx (13) 


before they reach the bottom of the slot and hence have 
no reflected component. The one propagating mode is 
represented separately in (4). Thus, K and ym, given by 
(2) and (5) are positive real quantities determined solely 
by the geometry. 


and when these relations are substituted in (9b) and 
(9d), the magnetic field is given in terms of the electric 
field. Upon inserting the resulting expressions for the 
magnetic field in (8), making use e of (10) and rearranging 
terms, (14) is obtained: 


joucosKh+ KZ*sinKh G+t+T K 
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jou cos Kh + KZ* sin Kh 
jou sin Kh — KZ* cos Kh 


«a 


By a similar procedure, (8) can be expressed entirely in 
terms of the unknown field H, giving 


Jom sin Kh + KZ cos Kh 
jou cos Kh — KZ sin Kh 
= T, 
alle gt ei 
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gation constant I’) and the fundamental mode is then 
entirely described by the 2 =0 terms of Cie 


2m fi @ MTX G mrx 
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A test of the stationary character of (14) and (15) is 
identical with the procedure given for a similar problem? 
and will not be presented. It is sufficient to say that if Z 
is entirely imaginary, (15) is stationary with respect to 
arbitrary variations about the true field H. If, in addi- 
tion, 7-0, (14) becomes stationary also. 

Although neither (14) nor (15) is stationary unless Z 
is imaginary (or zero), they must both be satisfied by 
the true field. To test the accuracy of the fundamental 
mode as an approximation to the true field, the trial 
function E=—Ap» sinh T)d-exp |—Iox] is inserted in 
(14) and the asymptotic formula 


, coth Tot bc (16) 


jousin Kh — KZ*cosKh — G Yo 


is obtained as G+ 7-0. Similarly, when the companion 
trial function H= —(K?Ao/jopTo) cosh Tb: exp[—Tox] 
is inserted in (15), the asymptotic formula 
jou cos Kh — KZ sin Kh G K 
= coth Tob 
jopsin Kh+ KZcosKh G+T 1% 


(17) 


results when G+7->0. Previous work by the Stanford 


group on a similar problem‘ indicates that these for- 
mulas are good representations for \o/(G+7) > 10. 

It can be observed that for 7 =0 the two formulas are 
conjugates of each other, and the fundamental mode is 
the true field. Hence, if ko/(G+7>10 and G/(G+7) ~1, 
it is reasonable to expect that the fundamental mode is 
the principal part of the true field. How far one can de- 
part from these two requirements before it is no longer 
proper to consider only the fundamental mode has not 
been investigated theoretically. 

Eq. (17) was chosen as the characteristic equation be- 
cause, for 7>0, it is more nearly stationary than (16). 
If Z and the waveguide geometry are known, (17) will 
yield a value for To. Use of (2) gives the complex propa- 


3R. S. Elliott, “On the theory of corrugated plane surfaces, ” 
Hughes Res. Labs. Tech. Memo. No. 317, revised; October, 1953. 
See Appendix. j 

4 iRidge and Corrugated Antenna Studies,” Second Quart. Prog. 
Rep., Stanford Res. Inst.; October, 1949-January, 1950. 


(15) 


AN EVALUATION OF Z 


Eq, (17) cannot be solved for Ty without a knowledge 
of Z. It is, therefore, necessary to specify the external 
environment and determine those factors which in- 
fluence the nature and behavior of Z. The analysis to be 
presented follows a line of attack used previously by the 
Ohio State group.*»* It is assumed that the serrated wall 
of the waveguide is imbedded in an infinite ground 
plane, and that 7 is exceedingly small. In the strip de- 
fined by y= —h, — © <x<, —a/2<z<a/2, the wave 
disturbance is taken to be 


TS 


E, = cos — exp [—Tox]. (18) 
a 


The ground plane can be accounted for by the method of 
images. When this is done, the electromagnetic field in 
the half-space y<h may be considered to be termi- 
nated by the magnetic current sheet 


— > TZ 
Im = — U2 cos —-exp [—Tox] 
a 


(19) 
located in the plane y= —h within the limits — © <x 
<0, —a/2<2<a/2. 

Referring to Fig. 2, if (x’, y’, 2’) is any point in the 
half-space y< —h, then the electric vector potential is 
given by 
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5 J. N. Hines, V. H. Rumsey, and C. H. Walter, “Traveling wave 
slot antennas,” Proc. IRE, vol. 41, pp. 1624-1631; Noveinber, 1953. 

6 V. H. Rumsey, “Traveling wave slot antennas,” J. Appl. Phys., 
vol, 24, pp. 1358-1365; November, 1953, 
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Eq. (20) may be written in the form 
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7G. N. Watson, “A Treatise on the Theory of Bessel Functions,” 
2nd ed., Cambridge Univ. Press, Cambridge, Eng.; 1952. See p. 180. 
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Thus, 
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a/2 TZ 2 ka 
xf cos — Ho «| z| )dz + — Ho *) 
or 
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A COMPUTATION OF I" 


Eq. (17) indicated that Io was dependent on Z 
through To, whereas (34) reveals that Z is dependent on 
Ty through x. An iterative procedure is required, and to 
facilitate computations, (34), (17), (2), and (28) are re- 


written as follows: 
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-coth (> i) (36) 
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(38) 


The iterative procedure begins by assuming «/k =1/ka 


and solving (35) for a first approximation to wu/KZ. 
This value of wu/KZ is then inserted in (36), yielding a 
first approximation to T)/k. Eq. (37) then gives a first 
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approximation to (I'o/jk)? which can be used in (38) to 


produce a second approximation to x/k. This whole 
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process is repeated until the desired accuracy in the 
value of Io is obtained. 

For standard X-band waveguide (id 0.900 inch by 
0.400 inch), for the frequencies 8700, 9000, and 9300 
me, and for the wall thicknesses 


i at Pa Sy 


T 
ei ? i i >} 
Gaoai ef o., 36 


IT, 


the above procedure was iterated seven times to give 
I')/k correct to three significant figures. The results of 
these computations are given in Table I. 


TABLE I 


THE COMPLEX PROPAGATION CONSTANT, I'o/k, VS FREQUENCY 
AND WALL THICKNESS FOR THE FUNDAMENTAL 
MOobpE IN A SERRATED GUIDE 


Wall Thick- 
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To/k for To/k for T0/k for 

Raia} 8700 mc 9000 me 9300 mc 
x/6 | 0.265+j0.776 | 0.268+j0.786 | 0.267+j0.793 
/3 | 0.361+70.511 | 0.330-+70.546 | 0.308+70.576 
x/2 | 0.254430.514 | 0.244470.545 | 0.235-+470.572 
2x/3 | 0.202+70.551 | 0.198+70.576 | 0.193430. 596 
5/6 | 0.180+70.602 | 0.176+70.621 | 0.171+30.636 
5 0.187+70.669 | 0.183-470.683 | 0.176+70.694 


An alternative way of displaying this information is 
by means of Fig. 3. Setting [9 =a0+jfo, the relative 
phase velocity 6)/K and the leakage ap are plotted as 
functions of wall thickness for the three frequencies. 
The phase velocity is seen to be relatively insensitive to 
frequency but responsive to wall thickness. For example, 
at 9000 mc, it appears possible to obtain a phase ve- 
locity ranging from 125 to 185 per cent of light velocity, 
using wall thickness as the parameter. 

Qo is also seen to be fairly independent of frequency 
but variable with wall thickness. It is gratifying to see 
that for all three frequencies and for any wall thickness, 
the leakage is greater than would be required in the de- 
sign of any practical traveling-wave antenna. This as- 
sures that by varying G/T and L, the complete range 
of leakage needed in design is available. 


CONCLUSION 


An analysis of serrated waveguides for the case of 
full-width serrations (L =a) and narrow teeth has re- 
vealed that the fundamental mode has a complex propa- 
gation constant insensitive to frequency but modestly 
sensitive to wall thickness. The leakage is greater than 
would be required in practical antenna designs. The 
case of zero-width serrations (L =0) is also the case of 
the corrugated waveguide, a problem which has been 
worked out by several authors.?'® For the case L =0, the 
propagation constant is purely imaginary, there being 
no leakage, and the relative phase velocity ranges from 


8 H. Goldstein, “Cavity Resonators and Waveguides Containing 
Periodic Elements,” Ph.D. Thesis, Mass. Inst. of Tech.; 1943. 
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Fig. 3—(a) Relative phase constant vs wall thickness and frequency 
for X-band serrated waveguide. (b) Leakage vs wall thickness 
and frequency for X-band serrated waveguide. 


zero to infinity as a function of h. This suggests that, as 
L increases, a increases and the range of 8/K vs h de- 
creases. It seems reasonable to expect that by choosing 
L, G/T, and h as control parameters, a practical range 
of both @ and 6B can be achieved. This more general 
geometry poses difficulties which hamper a theoretical 
analysis, but the problem is being investigated. Mean- 
while, the experimental evidence® strongly supports the 
hypothesis of adequate range for both a and @ and this 
waveguide structure appears to offer an interesting new 
,approach to many antenna problems. 


9K. C. Kelly and R. S, Elliott, “Serrated waveguide—Part II: 
experiment,” this issue, pp. 276-283. 
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Serrated Waveguide—Part II: Experiment* 
K. C. KELLY anv R. S. ELLIOTT} 


Summary—Groups of nonresonant closely-spaced slots, cut in 
the broad wall of a rectangular waveguide, have been studied in a 
series of experiments. The name ‘‘serrated waveguide” has been 
applied to such structures. The complex propagation constant of the 
fundamental mode in a serrated waveguide has been measured as a 
function of slot size and spacing. The results have been used in the 
design of traveling-wave antennas with various aperture distributions 
These antennas can be used for flush-mounted applications. 


INTRODUCTION 
(ie mutttuce antennas are required to satisfy 


a multitude of conditions, and as often as not 

the physical requirements exert a greater in- 
fluence on the design than the electrical specifications. 
This is particularly true of flush-mounted antennas. 
The shape of the structure on which the antenna is to be 
placed is usually fixed by aerodynamic considerations, 
thus removing the shape of the antenna as a design pa- 
rameter, unless radomes are utilized. Accepting the 
aerodynamic shape for the antenna surface, one must 
devise methods of exciting the proper currents in the 
surface to produce the desired pattern. If the phase and 
- amplitude of current at each point along a line in the 
surface were controlled, the radiation pattern could be 
shaped in one plane. Similar control of current flow over 
an area of the surface would permit pattern shaping 
throughout a volume in space. The ultimate objective 
in antenna problems of this type is, therefore, to find a 
single flush-mounted antenna element which can act as 
the building block for the synthesis of arbitrary aper- 
ture distributions. It must be a simple matter to feed an 
aggregate of these antenna elements with a wide variety 
of amplitude and phase distributions if the antenna ele- 
ment is to be truly useful. A single antenna element 
which may be integrated to satisfy all foreseeable re- 
quirements will probably never be found. However, 
recent researches have uncovered several interesting 
approaches.'~* 


* Manuscript received by the PGAP, April 7, 1956; revised manu- 
script received, January 15, 1957. The research reported in this pa- 
per was supported in part by the Air Force Cambridge Res. Ctr. 
under contract with the Hughes Res. Labs. 

+ Hughes Aircraft Co., Culver City, Calif. 

t Rantec Corp., Calabasas, Calif. 
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Fig. 1—Experimental thick-walled serrated waveguide. 


The purpose of this paper is to describe experiments 
with an antenna element which shows promise as a 
solution for some flush-mounted applications. The ele- 
ment to be described consists of a series of transverse, 
nonresonant, closely-spaced slots* cut in the broad wall 
of a rectangular waveguide. The resulting antenna has 
been called a serrated waveguide for brevity. By varying 
the slot size and wall thickness, it is possible to achieve 
line aperture distributions of considerable arbitrariness 
in both amplitude and phase. An array of serrated wave- 
guides will likewise yield a flexible area distribution. 
The sections which follow will describe the basic design 
experiments and the construction and testing of several 
successful antennas of this type. 


THE BAsic SERRATED WAVEGUIDE 


The first paper of this series’ presented an analysis of 
a serrated waveguide for the limiting case L=a, t-0, 
T-0jnG-+-T—0, G/T, (see Fig. 2 of Plliote:\ a 
rigorous solution for ! =a+j8, the complex propagation 
constant of the fundamental serrated waveguide mode, 
was obtained and computations were displayed in a 
series of graphs covering the X-band range of frequen- 
cies (see Fig. 3 of Elliott®). 

A good experimental corroboration of the theory was 
hampered by the G/T requirement. Experiments were 
conducted at X band and G+ T was chosen to be 5/32 
inch to make G/(G+T7)=10. Machining difficulties 
forced the choice G/T=2/3, a far departure from the 
assumption of the theory. This led to the prediction that 
measured @ would fall far below the theoretical value. 

The experimental test section of the serrated wave- 
guide is shown in Fig. 1. Constructional details are illus- 


GSC. Southworth, U. S. patent application 2,405,242 on micro- 
wave radio transmission; 1941. 
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Fig. 2—Constructional details of thick-walled serrated waveguide. 


trated in Fig. 2. This two-piece construction was 
adopted because one-piece construction, though very 
desirable, calls for a difficult broaching operation, and, 
end-milling small slots through the thick wall is pro- 
hibitively difficult. It later became apparent that imper- 
fect solder joints in the two-piece section were affecting 
the leakage, and it is felt that the values of a obtained 
were reliable in their order of magnitude but were not 
highly precise. 

The experimental procedure for measuring a is dis- 
cussed in the Appendix. At 9000 mc, for Kh=m, a 
value a=5.4 db/inch was recorded, as contrasted with a 
theoretical a=7.7 db/inch. The reduction can easily be 
explained in terms of G/T=2/3, but the small amount 
of reduction was surprising. This result was consistently 
repeated for smaller values of KA. It was concluded that 


ae 


varying G/T was not a profitable way to obtain a dy- 
namic range for a, since the smaller, useful values of a 
correspond to values of G too small to provide ease in 
machining. 

Because of the extremely rapid attenuation of the 
fields in this test section, no effort was made to meas- 
ure B. 

The theoretical curves indicate that for L= a, a is too 
high for all values of A and 6/K performs a modest ex- 
cursion around unity as A is varied. If L was equal to 
zero, the corrugated waveguide case would prevail with 
a=0 and @/K ranging from zero to infinity [assuming 
b<(Ago/4) |.6 This reasoning indicates that a useful dy- 


6 If b>dgo/4, the corrugated waveguide can act as a pass band 
filter. Ngo is the guide wavelength of the corresponding ordinary 


guide. 
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Fig. 3—Experimental thin-walled serrated wave- 
guides with full width slots. 


namic range of both a and 8 should be possible through 
proper variation of both L and A. 

This idea was pursued experimentally with the test 
section of Fig. 1. The strips of thickness ¢=0.015 inch 
were held in place by fingered clamps as shown in Fig. 2. 
Their widths were varied to provide the change in L, 
and A was varied by removing the strips from the test 
‘section and planing down the serrated broad wall. The 
electrical imperfections (poor soldered joints) of the test 
unit made it impossible to gather precise data. However, 
indications of the effectiveness of this approach are 
found in the fact that 6/K values as low as 0.39 and as 
high as 1.4 were observed. These figures are not thought 
to be the limits obtainable but are already well beyond 
the theoretical limits for the case where L= a. Further 
work on this form of the serrated guide was postponed 
until a suitable fabrication procedure could be found. 


THIN-WALLED SERRATED GUIDES—DESIGN DATA 


The experimental findings with the thick-walled test 
section can be summarized by two remarks: 1) It was 
found that controlling a through varying G/T was 
impractical, because the useful values of a@ corre- 
sponded to values of G which were too small for ease of 
machining. 2) When A and L were used as control param- 
eters, another machining problem was created, since 
milling serrations in a thick wall forced a two-piece 
fabrication and poor electrical continuity. 

These difficulties caused the initiation of a new series 
of experiments with thin-walled serrated waveguides in 
which L was the principal parameter. Standard X-band 
waveguide was used, and Fig. 2 of Elliott® applies with 
h=0, t=0.050 inch, b=0.400 inch, and a=0.900 inch. 

A check was first made on G/T asa controlling param- 
eter of a by setting L=1.000 inch. This procedure af- 
forded an extremely simple and rapid machining tech- 
nique. With circular milling saws, one or several on the 
arbor, slits were cut through the waveguide broad wall 
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Fig. 4—Experimental thin-walled serrated waveguides 
with slot length as the parameter. 


across the entire width of the outside dimension of the 
waveguide. Fig. 3 shows two such waveguides. On the 
various test units, G+7 was varied over small limits 
and G/T varied over wide limits by simply choosing the 
thickness of the milling cutter and the spacing of the 
cuts. It was found that with G+7T=1/16 inch and 
G/T=1, a was 3.8 db/inch, while with G+ T=+ inch 
and G/T=1/62, a was down to 0.25 db/inch. It was 
not feasible to make G/T any lower, although smaller 
values of a were desired. The 62:1 variation in G/T 
produced only a 15:1 variation in a@ so once again there 
was cause to think that sufficient control of a was not to 
be obtained using G/T as the parameter. 

Another approach was tried. In the serrations, the 
maximum E£ field is longitudinal and is on the centerline 
of the broad wall. It was reasoned that a metal strip 
placed on the outer surface of the waveguide, soldered 
at each serration and centered on the broad wall, would 
force E to be zero where it was once a maximum, and 
thus the leakage could be greatly reduced. Such strips 
proved effective and considerable control resulted when 
G/T was held at unity and the width of the strip was 
varied. However, the results were not wholly consistent. 
Since it appeared that strip centering and strip solder- 
ing were too critical, this method was abandoned. 
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Fig. 5—Radiation in db/inch vs slot length 
with G/T=}. 


A family of test sections for investigating serrated 
guides with L as the parameter is shown in Fig. 4. All 
slots in any one guide have the same L dimension, but L 
is different for each member of the family. An extension 
of the data obtained earlier with L=1.000 inch enabled 
a choice of G/T=34 and G+ T=5/32 inch so that when 
L=0.900 inch, a would be slightly larger than the maxi- 
mum value anticipated for the design of useful aperture 
distributions. It was expected that a would then de- 
crease steadily to zero as L—0. This reasoning proved 
fallacious since, despite the tight mutual coupling be- 
tween slots, a resonance effect was observed while test- 
ing at 9000 mc. Therefore, while a did reduce to zero 
with L, it did not do so monotonically, as evidenced by 
Fig. 5. 

To eliminate the double-valued region of a vs L and 
to reduce the frequency sensitivity of a (when L goes 
through resonance), the upper limit of L was set just 
below resonance, and G/T was adjusted to obtain the 
required maximum value of a. Values of G/T=% and 
G+7T=5/32 inch proved satisfactory. With no further 
difficulties, the behavior of a with L was noted, and the 
findings are presented in Fig. 6. The data were taken at 
9000 mc; however, patterns taken on arrays designed 
for 9000 mc show little pattern deterioration over the 
8400 to 9600-mc band. 

While a was quite responsive to changes in L, 8 was 
observed to be essentially constant with L (see Fig. 7). 
One of the important early objectives of this program 
was to find means to exert wide control on 6 as well as on 
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Fig. 6—Radiation in db/inch vs slot 
length with G/T=3. 


a. The thick-walled serrated guide is capable of such 
control through A, but it was necessary to consider other 
means to vary # in the thin-walled guide. 

Varying the waveguide width offers a method to con- 
trol 8, but it is limited by the passage of higher-order 
modes at one extreme and by cutoff for the fundamental 
mode at the other. Decreasing a will lower the value of 
6 from the value obtained at a given frequency with a 
standard guide. Types of loading which will increase the 
value of 6 include the insertion of a dielectric or the 
presence of a ridge. Equations for the wavelength in 
lossless waveguides which have the characteristics that 
result from any of the above modifications may be found 
in several handbooks.’ From a transmission line point 
of view, the radiation from a serrated guide makes it a 
lossy line, and the question arises as to the applicability 
of the handbook expressions. It had been found that the 
short-slot serrations did not cause a drastic change from 
the phase constant of the unslotted guide (Fig. 7). This 
characteristic suggested that the same might be true for 
other waveguide cross sections. To check this theory, a 
partial-filling dielectric plug was designed to cause a 
specified phase constant in an unserrated guide, and the 
phase constant was then measured with this plug in a 
serrated guide. The ordinary guide phase constant was 


7For example, N. Marcuvitz, ed., “Waveguide Handbook,” 
M.1.T. Rad. Lab. Ser., McGraw-Hill Book Co., Inc., New York, 
N. Y., vol. 10, pp. 388-402; 1951. 
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Fig. 7—Phase constant vs radiation in 
db/inch for G/T=2 


4.64 radians/inch with the dielectric in place. The ser- 
rated guide, loaded with the dielectric, had a phase con- 
stant of 4.60 radians/inch as determined from the angu- 
lar position of the beam in Fig. 8. (See Appendix.) 

For computations of moderate precision these data 
indicate that, when determining changes in waveguide 
geometry to control f, perhaps it is reasonable to neglect 
the leakage. For precision work, refinements may be 
made through complete analysis or extensive experi- 
mental information. 


THIN-WALLED SERRATED GUIDES—APPLICATIONS 


Before the experimental findings could be applied to 
produce a specified amplitude distribution in an antenna 
aperture, it was necessary to mathematically relate the 
leakage, a(x), to the desired amplitude distribution 
A(x); 

With variable serrations, the power present in the 
guide can be expressed as 


De exp| — 2f a 
_ 0 


with B a constant which describes the initial magnitude. 
Differentiating and rearranging gives 


(1) 


P(x) = at | 


1 2a PC) 
Pla dx 


= — 2a(x). (2) 


If the phase velocity is constant and if the aperture 
extends from x =0 to x =D, P(x) is related to the aper- 
ture distribution by 


ips cs al aa [sues (3) 
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Fig. 8—Radiation pattern of dielectric-loaded serrated waveguide. 


in which A?(£) is the power density in the aperture and 
D 
P= [ AN@dE+ Pin (4) 
0 


It is assumed that the traveling-wave array is ter- 
minated in a flat load which absorbs a fraction, f, of 
the input power (Pioaa=fPin). Then (3) becomes 


Drie uk ig Wares i) 4X8) 5 
P(x) = Pees (§)d& — (é)dé (5) 
so that 
2e(x) = i setloe (3 
and ee at se f axa 
n= fh rte 


When A?(x) is specified, (6) may be used as a design 
equation for 2a(x), the leakage in nepers/unit length. 
This equation can then be related to the experimentally 
obtained relation between leakage and slot length which 
was displayed in Fig. 6. The result is a curve of slot 
length vs x from which the array can be constructed. 
The first experimental array was chosen to have 
A(x)=1-+sin (rx/D). The terminating load was de- 
signed to take 10 per cent of the power (f=0.1) as a 
compromise between antenna efficiency and a moderate 
peak value for a(«). The array length, D, was set at 
10.14 inches, and a(x) was computed from (6). Next, 
employing Fig. 6, a curve was plotted of slot length vs. 
x. The axis of the abscissa was then divided into 5/32- 
inch intervals (5/32 inch being the distance G+T), and 
the length of each slot read off and tabulated (Fig. 9). 
When fabrication was completed, the radiation patterns 
were taken and are reproduced in Fig. 10. The theo- 
retical sidelobe level for this amplitude distribution is 
17.7 db, and the patterns show that this level is ap- 
proached. Endfire and broadside angles on all patterns 
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Fig. 9—Design curve for slots of 1+sin (rx/D) 
aperture distribution. 


in this report are as shown on Fig. 8. Since beam maxi- 
ma occur at an angle 6=cos—! (6/k) off endfire (see 
Appendix) the beam shifts approximately 10° over the 
frequency range 8400 to 9600 mc. This frequency effect 
exists for all arrays of this type. It is minimized by mak- 
ing the wide dimension as large as possible consistent 
with higher-order mode suppression. Such a choice will, 
however, cause the average position of the beam to be 
nearer endfire for the same frequencies. Conversely, 
arrays of this type may have their beam positions quite 
sensitive to changes in frequency by operating the wave- 
guide near cutoff. The average beam position would 
then be nearer broadside. 

There is considerable interest in arrays capable of 
producing cosecant-squared radiation patterns. A uni- 
form phase progression and a sawtooth amplitude dis- 
tribution result in an approximation to a cosecant 
squared beam.® 

By letting A(x)=1—(x/D) a new array was con- 
structed using the design data. This array radiated the 
power pattern shown in Fig. 11. The theoretical power 
pattern’ for this amplitude distribution falls below a 
cosecent-squared curve at larger angles. In view of this 
fact, the experimental pattern has been compared to a 
esc?cos!/2 curve. The cos'/? factor depresses the csc? at 
larger angles (1.46 db at 60°). Naturally, the half-power 
beamwidth may be reduced by increasing the array 
length. The high sidelobe towards endfire is believed to 
be a result of edge diffraction and presumably could be 
reduced if the ground plane terminating the array were 
extended. 

In gathering data on a as a function of slot length, no 
measurable difference resulted when a ground plane was 
positioned beside the serrated guide. This fact suggested 
that, should a two-dimensional or planar array be 
formed from several identical serrated guides soldered 
adjacently and fed in phase, the mutual coupling be- 

8 A. S. Dunbar, “Uniform Progressive- Phase Antennas Having 


Asymmetric Amplitude Distributions,” Tech. Rep. No. 188-13, Stan- 
ford Res. Inst.; September, 1950. 
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10—E-plane patterns of serrated waveguide, A(x)=1-+sin 
x /D. (a) 8400 me, (b) 9000 mc, and (c) 9600 me. 


Fig. 
tween guides would be so small that the #-plane pattern 
of the aggregate would be the same as the pattern of any 
one. This property was demonstrated to be essentially 
true when the array pictured in Fig. 12 was tested and 
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Fig. 11—E-plane pattern of serrated waveguide, 
A(x) =1—(«/D). 


Fig. 12—Planar array showing taper to feed horn. 


the E-plane pattern proved to be identical with that of 
one element. The amplitude distribution of each ser- 
rated guide was made approximately a sine taper, and 
the H-plane patterns obtained for three frequencies are 
shown in Fig. 13. The shape of the H-plane pattern is 
controlled by the amplitude distribution set up by the 
feeding system. The array pictured has the narrow walls 
tapered to a point. This tapered end was inserted into a 
hoghorn. The object was to have a feed which would 
cause the H-plane beam position to be fixed with fre- 
quency while the #-plane beam position executes its 
shift with frequency. H-plane patterns for the extreme 
frequencies are shown in Fig. 14. It can be noticed that 
the beam position is maintained with frequency change. 
The transition from the hoghorn to the waveguides was 
not very gradual; thus, the reflection in the hoghorn 
caused asymmetries in the H-plane patterns. 
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Fig. 13—E-plane patterns of planar array. (a) 8400 mc, (b) 9000 me, 
and (c) 9600 me. 
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Most amplitude tapers of interest result in distribu- 
tions of transverse slot length which start small at the 
input end. A natural match to the uncut guide is ob- 
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Fig. 14—H-plane patterns of planar array. (a) 8400 mc 
and (b) 9600 mc. 


tained thereby. The vswr looking into each waveguide 
_ of the planar array is plotted as a function of frequency 
in Fig. 15. Excellent impedance characteristics are seen 
to exist. Even the sawtooth distribution, whose ampli- 
tude distribution has a maximum at the input end, has a 
vswr of 1.14 or less over the band. 


CONCLUSION 


It appears that the original objective of wide control 
of phase and amplitude over a slotted waveguide aper- 
ture is electrically possible with the serrated waveguide. 
However, fabrication of the most general serrated unit 
is extremely difficult. 

A standard rectangular waveguide, when slotted to 
create a special case of the general serrated waveguide 
geometry, offers some useful pattern shaping capabilities 
and excellent impedance characteristics. 
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Fig. 15—VSWR of each serrated waveguide of planar array. 


APPENDIX 


MEASUREMENTS 


The attenuation constant, a, of a serrated guide was 
measured by treating uniformly serrated guides as uni- 
form transmission lines and measuring the loss in the 
entire length. These test sections were made several 
wavelengths long, in order to minimize the errors caused 
by the perturbations at the junctions between the ser- 
rated guide and the standard guide feeding and termi- 
nating it. 

Where the attenuation in a section was 1.0 db or less, 
the attenuation was measured by shorting the section 
and measuring the impedance looking into it. If the 
attenuation of the section was over 1.0 db but less than 
40 db, measurement of the insertion loss of the section 
by modulated oscillator and bolometer detector proved 
satisfactory. For larger values of section attenuation, a 
spectrum analyzer was used in connection with an in- 
sertion loss type of measurement. Details of each of 
these techniques are given by Montgomery.?® 

After the attenuation of a section was measured, the 
figure was corrected for the effects of junction vswr and 
wall losses so that an attenuation figure representing 
radiated power could be obtained. This figure was then 
divided by the length of the serrated portion to obtain 
a pre-unit-length value for a. 

Measurement of 6 was accomplished by a study of the 
radiation patterns of uniformly serrated test sections. 
When the position, 0, of the beam maximum is noted, 8 
may be determined with good accuracy’ by the equa- 
tion 


B =k cos 6 (7) 


where & is the free-space phase constant and @ is the 
angle off endfire.!! Alternatively, one may write 


br cos (6 / Rc Copy (Nes Xz): (8) 


9C. C. Montgomery, ed., “Technique of Microwave Measure- 
ments,” M.I.T. Rad. Lab. Ser., McGraw-Hill Book Co., Inc., New 
York, N. Y., vol. 11, pp. 804-853; 1947. 

10 This equation assumes that the serrated section is long enough 
to permit a good approximation using the method of stationary 

hase. 

A 1 A. S. Dunbar, “On the theory of antenna beam shaping,” J. 
Appl. Phys., vol. 23, p. 848; August, 1952. 
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A Technique for Controlling the Radiation from Dielectric 
Rod Waveguides* 
J. W. DUNCAN} anp R. H. DUHAMEL} 


Summary—This paper describes a technique for controlling the 
radiation from a dielectric rod waveguide by placing obstacles or 
antenna elements at appropriate points along the waveguide. 
The HE; mode on a dielectric rod was used to excite concentric rings 
and radial wires. The coupling of the obstacles to the HE,, mode was 
determined by constructing an image line with a slotted section for 
impedance measurements. This information was used to design sev- 
eral antenna arrays with different types of patterns. The measured 
patterns were very satisfactory. 


INTRODUCTION 
| alma RECENT YEARS, increasing use has 


been made of surface wave antennas. Examples 

are corrugated surfaces, dielectric rods and 
tubes, dielectric coated conductors, dielectric slabs, etc. 
Most surface wave antennas have been designed for end- 
fire or near endfire radiation. Only minor success has 
been obtained in controlling the radiation from surface 
wave antennas in directions other than endfire. The ob- 
jective of this work has been to devise methods of modi- 
fying surface waveguides in such a manner that accurate 
control of the radiation can be obtained. 

Mueller! succeeded in obtaining broadside radiation 
from a dielectric rod antenna by means of placing di- 
electric disks on the rod with approximately half-wave- 
length spacing between the disks. Although his simple 
array theory predicted the direction and width of the 
main beam with fair accuracy, control of the side lobe 
level could be obtained only on an empirical basis. A 
disadvantage of the dielectric disks was that the polari- 
zation was a function of the circumferential angle. 

It is believed that the technique described in this 
paper will allow accurate designs of modified surface 
wave antennas. The method is similar to Mueller’s 
in that obstacles or discontinuities are placed at appro- 
priate points along the waveguide in order to force and 
control the radiation. If an obstacle, such as a piece of 
metal, is placed near an excited surface waveguide, it will 
radiate and will also excite surface waves. By choosing 
the proper waveguide dimensions and/or choosing ob- 
stacles with a certain symmetry, all surface wave modes 
except one may be made negligible. The antenna system 
may then be represented by a single transmission line 
loaded at the appropriate point by the equivalent ob- 
stacle four-pole network. If the axial length of the ob- 


* Manuscript received by the PGAP, March 12, 1956; revised 
manuscript received, March 4, 1957. 

ft Antenna Lab., Dept. of Elec. 
Urbana, Ill. 

t Collins Radio Co., Cedar Rapids, Iowa; formerly at University 
of Illinois. 

1G, E. Mueller, “A broadside dielectric antenna,” Proc. IRE, 
vol. 40, pp. 71-75; January, 1952. 


Eng., University of Illinois, 


stacle is small, its equivalent admittance is a simple 
shunt element. Knowledge of the radiation pattern and 
the equivalent admittance of the obstacle would allow 
a simple, straightforward design of arrays of the ob- 
stacles to produce specified patterns. In some cases it 
may also be necessary to take into account the effect of 
the mutual admittance between the obstacles. 

Briefly, the work to be described is the following: the 
coupling of wires and rings to the HEn mode on a di- 
electric rod waveguide was measured. This information 
was then used to design several arrays to produce vari- 
ous types of patterns. The arrays were constructed and 
tested. Good agreement between the predicted and 
measured patterns was obtained. 


THE DIELECTRIC ROD WAVEGUIDE 


The dominant HEn (or dipole) mode? on a dielectric 
rod is a hybrid mode which has axial components of both 
the electric and magnetic field intensities, and is un- 
symmetrical in that all field components vary as the 
sine or cosine of the circumferential angle, 6. The electric 
field configuration of the HEy mode on a dielectric rod 
is shown in Fig. 1. The cutoff wavelength of a particular 


Fig. 1—Approximate electric field configuration of the HEn 
mode on a dielectric rod waveguide. 


mode on the dielectric rod is a function of the rod radius, 
b, and the operating frequency or wavelength, \. Char- 
acteristic curves showing the variation of \g/\, the ratio 


2R, E. Beam, “Final Report on Investigation of Multi-Mode 
Propagation in Waveguides and Microwave Optics,” Army Signal 
Corps Contract No. W36-039 sc-38240, Microwave Lab., North- 


cere University, Evanston, IIl., May 1, 1949 to November 30, 


. 


1957 


Duncan and DuHamel: Radiation from Dielectric Rod Waveguides 


Fig. 2—Characteristic curves for symmetrical and unsym- 
metrical or hybrid modes on a dielectric rod. 


of the guide wavelength to the operating wavelength as 
a function of the parameter }/X are plotted in Fig. 2. 
The curves are for the symmetrical Eo, Hoi, Eoo, and 
Ho2 modes, and the unsymmetrical HEn, HE, and 
EH2 modes. The symmetrical modes on a dielectric rod 
are either transverse electric or transverse magnetic and 
the field intensities are independent of the angle 6. 


MEASUREMENT OF THE OBSTACLE ADMITTANCE 


The dielectric rod waveguide was utilized to investi- 
gate modified surface wave antennas for two reasons. 
First, the rod has a simple geometry for which theo- 
retical solutions are available. Second, by using an image 
system, accurate standing wave measurements may be 
made along the rod by means of a slotted section in the 
ground plane. Fig. 3 illustrates the arrangement of 
equipment which was used to measure the equivalent 
shunt admittance of the various types of obstacles. Fig. 
4 is a photograph of the microwave equipment and di- 
electric image line. Shown from left to right are the signal 
oscillator and associated rectangular waveguide test 
equipment, the horn exciter, the dielectric rod image 
line, a ring type of obstacle, and a short-circuit plate. 
The launching horn is a half-conical horn approximately 
25.4 cm long with a mouth diameter of 17.8 cm. It is fed 
by a 16.2-cm length of half-cylindrical waveguide. The 
launching horn and dielectric rod are mounted on a 
0.64-cm brass plate which is 206 cm long and 25.4 cm 
wide. Utilizing the image principle, the polystyrene rod 
has been halved along its length and fastened to the 
brass plane by polystyrene pins. The total length of the 
dielectric image line was approximately 168 cm for most 
of the admittance measurements. The polystyrene pins 
are 0.32 cm in diameter and two pins are used for each 
28-cm section of rod. The rod sections were machined to 
accurate length to realize a very tight fit between the 
interface of two sections and thereby minimize reflec- 


Fig. 4—Apparatus for measuring the coupling of obstacles to 
the dielectric rod waveguide. 


tions from the discontinuity of the interface. Measure- 
ments indicated that reflections from such discontinui- 
ties were negligible. The polystyrene rod has a diameter 
of 2.22 cm and the operating wavelength was maintained 
near 4.5 cm. This results in a 6/d ratio of about 0.25 and 
reference to Fig. 2 shows that the guide wavelength of 
the HE; mode was approximately 86 per cent of the 
operating or free space wavelength. The rod diameter 
and operating wavelength were purposely selected so 
that only the dominant HE, mode was present on the 
rod waveguide; all higher order modes were cut off, as 
may be seen from Fig. 2. The short-circuit plate is silver- 
plated brass and has a radius of 4.45 cm. 

The slotted section of the ground plane, which is 
located to the left of the ring obstacle, is shown in Fig. 5. 
The tapered slot is approximately 0.32 cm wide and 
22.9 cm long. The probe is supported by a Hewlett- 
Packard Universal Probe Carriage which was modified 
and mounted on the underside of the brass plate. An in- 
clined wire obstacle may be seen on the right side of the 
picture. The operation of the slotted section was quite 
satisfactory. The residual vswr was less than 0.2 db and 
vswr's of 40 db were obtained for the line terminated 
with the short-circuit plate. 

Concentric rings were placed on the image line by 
means of the plates shown in Fig. 6. The obstacles were 
fabricated from 0.08-cm brass plate. These plates were 
inserted at a break in the ground plane (see Fig. 4) and 
the two sections of the ground plane were then clamped 
to make good electrical contact. 
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Fig. 5—The slotted section. 


Fig. 6—Rings for the image line. 


Since the existence of only a single mode was demon- 
‘strated, the admittance measurements were made in the 
same manner as that for a conventional waveguide and 
slotted section. The short-circuit plate was always 
placed an odd number of quarter-wavelengths past the 
obstacle. The measured normalized shunt admittance 
of a ring as a function of the mean ring radius is pre- 
sented in Fig. 7. Since the maximum vswr that could be 
obtained with a short-circuit termination was 29 db for 
the ring measurements, the points at the top of the ad- 
mittance chart are not very accurate. Fig. 8 shows the 
normalized shunt admittance of a vertical wire or mono- 
pole as a function of the wire length. For this series of 
measurements a vswr of 40 db could be attained for 
short-circuit termination of the line. It may be seen 
from Figs. 7 and 8 that the resonant ring and wire are 
strongly coupled to the line (conductances of 5.3 and 3.3, 
respectively). 

In the design of an array it is certainly desirable, al- 
though not essential, to use resonant obstacles. In addi- 
tion, the elements should be loosely coupled to the line, 
z.e., the conductance should be considerably less than 
one. It is readily seen that the ring and protruding wire 
do not satisfy these requirements. A study of the field 
distribution of the HE; mode makes apparent two 
methods of controlling the coupling of resonant ob- 
stacles to the rod. First, since the fields decay exponen- 
tially away from the rod, a resonant obstacle could be 
displaced from the rod to reduce the coupling. Second, 
since the fields vary sinusoidally with the circumferen- 
tial angle, certain types of resonant obstacles, such as 
wires, could be oriented or rotated about the axis of the 
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Fig. 7—Shunt admittance of a ring as a function of the 
mean ring radius. 
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Fig, 8—Shunt admittance of a vertical wire as a function 
of the wire length 


guide to control the coupling. The work to be described 
below illustrates these methods. 

In Fig. 9 there is plotted the normalized shunt admit- 
tance of a wire normal to and displaced 3 mm from the 
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Fig. 9—Shunt admittance of a wire as a function 
of the wire length. 
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Fig. 10—Shunt admittance of an inclined wire as a function 
of the wire length. 


slab as a function of the wire length. For these and the 
following measurements, the vswr on the line with the 
short-circuit plate was at least 37 db. Thus the points 
near the top of the chart are more accurate than some 
of those shown previously. The wire passed through the 
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Normalized Shunt Conductance 


: 60° 
Angle of inclination 


Fig. 11—Normalized shunt conductance of a resonant wire 
as a function of the angle of inclination. 


first and second resonances when its length was 0.38 \ 
and 0.72 X, respectively. This measurement was re- 
peated for two other displacements. It was found that 
the conductance decreased to 1.1 and 0.2 at the first and 
second resonances respectively when the spacing was 
increased from 3 to 9 mm. Although control of the con- 
ductance can be obtained in this manner, it was appar- 
ent that the wire had to be placed completely outside of 
the rod in order to obtain conductances of 0.1 or less. 
Additional support of the wire would then have to be 
provided. , 

Fig. 10 shows the normalized admittance loci of an 
inclined wire as a function of the wire length for several 
angles of inclination. This data was used to construct 
the curves of Fig. 11, which show the normalized shunt 
conductance of a resonant wire as a function of the angle 
of inclination. It may be seen from the curve for the 
second resonance that a wide range of small conduct- 
ances may be obtained. 

Since only a single element was used, the measure- 
ments are not accurate for the second resonance curve 
for angles of 30° or less. For accurate results, several 
elements in tandem should be measured, as is done for 
loosely coupled slots in rectangular waveguides. This 
technique has the added advantage that it takes into 
account the incremental conductance due to the mutual 
coupling of the elements. It was found that the resonant 
length of the wire changed slightly with the angle of 
inclination, as is illustrated in Fig. 12. 


ARRAY DESIGNS AND RESULTS 


Since the inclined wire had the most desirable prop- 
erties of the obstacles tested, it was used in the design 
of the arrays to be described. Now, given a prescribed 


Resonant Length- mm 


Angle of Inclination 


Fig. 12—Length of resonant wire as a function of the 
angle of inclination. 


Fig. 13—An end view of the Dolph-Tchebycheff array. 


pattern, the conventional linear array synthesis methods 
may be used to determine the array length, element 
spacings, and the equivalent shunt conductance of the 
antenna elements. Then, using Figs. 11 and 12, the an- 
gle 6 and the wire length may be determined for each 
element. A 20-db Dolph-Tchebycheff broadside array is 
shown in the photograph of Fig. 13. Notice that for the 
complete rod the image wire has been added so that 
each element consists of two wires with an included an- 
gle of 26. The horn feed wire is oriented so that the 
electric field of the HE mode is normal to the plane 
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Fig. 14—Radiation pattern of a uniform broadside array with 
12 elements at guide wavelength spacing. 


bisecting the angle between the wires. For the Tcheby- 
cheff array a two-inch diameter short-circuit plate 
proved quite satisfactory. 

The radiation patterns which are presented below rep- 
resent a first attempt. That is, the array was designed 
from Figs. 13 and 14, constructed, and tested without 
any adjustments being made. Since conventional meth- 
ods have been used, little will be said about the method 
of design for the various types of arrays. 

First consider the pattern in Fig. 14 of the uniform 
array with 12 identical elements at guide wavelength 
spacing. The pattern was measured in the longitudinal 
plane which bisects the angle between the wires. The 
beam width and sidelobe levels are very close to the 
theoretical values. The small lobe pointing towards the 
top of the figure represents the stray radiation from the 
horn exciter. A similar pattern was obtained with a 
similar array for which the half angle between the wires 
was 60° instead of 40°. The transverse radiation pat- 
terns for the two arrays are shown in Fig. 15. It will be 
noticed that the patterns for the two cases are consider- 
ably different. Theoretically, the patterns should be 
symmetrical about a vertical line. The discrepancy is 
due to a misalignment of the feed horn and slight varia- 
tions in the wire length and inclination. Aside from the 
asymmetry the transverse patterns are probably not 
suitable for practical applications. However, it is felt 
that further experimentation would lead to antenna 
elements with various types of useful transverse pat- 
terns. 

The design data and radiation pattern for the 20-db 
Dolph-Tchebycheff broadside array for 12 elements with 
guide wavelength spacing are shown in Fig. 16. The ele- 
ment conductances were made proportional to the 
square of the calculated excitation coefficients of the 
array. Note the excellent agreement between the pre- 
dicted and measured sidelobe level. The variation of 
the angle between the wires is readily apparent in the 
photograph of Fig. 13. 
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Fig. 15—Transverse radiation patterns for uniform arrays. 
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Fig. 16—Radiation pattern of a 20-db Dolph-Tchebycheff broadside 
array for 12 elements with guide wavelength spacing. 


Similar data are presented in Fig. 17 for a nonreso- 
nant uniform array of 12 elements with an element spac- 
ing of 0.75 \,. Since the purpose of this work has been 
to illustrate the method of design rather than to develop 
a practical antenna, the array was designed so that 40 
per cent of the input power to the array was absorbed 
in a matched resistance card termination on the dielec- 
tric rod. This simplifies the design calculations consider- 
ably for a short array since the vswr along the line may 
be considered to be unity for design purposes. Larger 
array efficiencies could be obtained by a more refined de- 
sign procedure. The direction of the beam and the beam 
width are in excellent agreement with the theoretical 
values. However the first side lobe is only 10 db down 
instead of 13 db down and the stray radiation from the 
horn is at a higher level than before. This latter effect is 
due to the reduction of the antenna gain which results 
from the absorption of power in the matched load. 

As a final example, a nonresonant array was designed 
to approximate a cosecant pattern. The design required 
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Theoretical array efficiency — 60% 
Theoretical direction of beam — 23° 
Theoretical beam width 7° 
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Fig. 17—Radiation pattern of a nonresonant uniform array with 12 
elements with an element spacing of 0.75 Xp. 


a ten-to-one variation of element conductance and hence 
the angle 0 for the elements was varied from 19° to 60°. 
The agreement between the predicted and experimental 
patterns was rather poor. Although an approximate 
synthesis method was used, the discrepancy was due 
mostly to the large variation of the angle 6. That is, it 
had been assumed in this design method that all the 
element patterns are identical. This is certainly not true 
for this case. In fact, it is rather surprising that the 
agreement for the two previous designs was so good 
since there was considerable variation of the angle be- 
tween the wires for those cases. 


CONCLUSION 


The measurements have proven the feasibility of ob- 
taining accurate control of the radiation from a dielec- 
tric rod waveguide in the longitudinal plane by means 
of placing obstacles along the waveguide. Since only a 
few types of obstacles have been investigated, it is likely 
that considerable control of the pattern in the trans- 
verse plane may be obtained by utilizing other types of 
obstacles such as dielectric pins, holes, or slots in the 
rod, and more suitable arrangements of intersecting 
wires. It should be possible to apply the same technique 
to other types of surface waveguides with equal success. 
The basic requirements needed for applying the design 
procedure are the following: an efficient surface wave 
exciter, the existence of only a single mode on the sur- 
face waveguide, an accurate means of determining the 
equivalent network for the coupling of the obstacle to 
the surface waveguide, and, of course, the discovery of 
obstacles for which the coupling may be varied over a 
wide range with only a moderate effect on the individual 
obstacle pattern. Conventional array design methods 
may then be used to obtain various types of patterns. 
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A Circularly-Polarized Corner Reflector Antenna* 
OAKLEY M. WOODWARD, JR.t+ 


Summary—Unidirectional, circularly-polarized radiation may be 
obtained by tilting a dipole in a corner reflector. Inherent advantages 
of this antenna are the simplicity of both the construction and adjust- 
ment. The theory of images is employed to develop the basic theory 
of the antenna for the cases of greatest practical interest. An experi- 
mental investigation has been made on the radiation characteristics 
of a practical-sized antenna as a function of its geometric parameters. 
From this data, an antenna producing unidirectional, circularly- 
polarized radiation has been designed and constructed. 


INTRODUCTION 


able transmission may be obtained in certain ap- 

plications by the use of circular polarization. In 
general, antennas of this type may be classed as either 
omnidirectional or unidirectional. This paper is con- 
cerned only with the latter group. 

One example of an unidirectional antenna having cir- 
cularly polarized radiation is given bya single turnstile! 
layer supported parallel to a metal reflecting screen. An- 
other type on which extensive work has been done is the 
helix.2 The work described herein is concerned with the 
development of another type consisting of a corner re- 
flector and a single dipole. 

A simple theoretical analysis employing the theory of 
images may be used as a guide in the antenna design for 
this particular application. A mathematical analysis for 
the general case has been developed by Klopfenstein.* 


Pra. EXPERIENCE has shown that more reli- 


IMAGE THEORY OF OPERATION 


Although the theory of images provides a simple 
method of analysis for the assumed idealized conditions, 
it is to be realized that the results obtained are not 
strictly applicable to antennas of finite dimensions. 
However, as will be demonstrated later, the method 
does serve as a useful guide in the antenna design. 

The drawing of Fig. 1 illustrates the antenna geome- 
try. The corner is formed by two vertical, sheet metal 
planes of height H and length Z intersecting at an angle, 
8B. The balanced dipole is symmetrically located within 
the corner angle at a distance, S, from the apex and 
tilted in the vertical plane at an angle, a, with respect to 
the corner bisector plane. 


* Manuscript received by the PGAP, May 8, 1956; revised manu- 
script received, February 4, 1957. This paper was presented at the 
URSI-IRE Spring meeting, Washington, D. C.; May 2, 1956. 

t+ RCA Laboratories, Princeton, N. J. 

1G, H. Brown, “The turnstile antenna,” Electronics, vol. 9, p. 15; 


April, 1936. 
2]. D. Kraus, “Antennas,” McGraw-Hill Book Co., Inc., New 
Yorks Ns Y., chy 77 1950 


§R. W. Klopfenstein, “Corner reflector antenna with arbitrary 
dipole orientation and apex angle,” paper presented at the URSI-IRE 
Spring meeting, Washington, D. C.: May 2, 1956. (Note: The geo- 
metric notation and terminology of these two reports are not identi- 
cal due to the different methods of approach to the problem.) 
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Fig. 1—Geometry of antenna. 


A spherical-coordinate system, well-suited for experi- 
mental measurements, is employed for the distant field 
determination with the azimuth and elevation reference 
planes being designated as the ¢ plane and @ plane, re- 
spectively. 

In order to analyze the antenna operation by the 
conventional theory of images, it must be assumed that 
the metal planes have perfect conductivity, are infinite 
in-extent, and intersect at an angle equal to 180°/n, 
where is an integer. A further simplification in this ap- 
plication is obtained by resolving the current flowing in 
the tilted dipole into horizontal and vertical components 
as shown in Fig. 2(a). 

For a chosen corner angle of 90° (n=2), the image 
representation of the separated components may be 
drawn as in Figs. 2(b) and 2(c). In the first case [Fig. 
2(b) |, the vertical component, a, produces three images, 
b, c, and d, of alternating polarity and equidistant from 
the apex. In the broadside direction (6=@=0°), the 
far-field, vertically-polarized radiation intensity may be 
found by combining the contributions from the four 
sources. This addition is illustrated in Fig. 2(d), where 
the reference or X axis is taken with respect to the apex 
of the corner reflector. It is seen that the total vertically 
polarized component is 180° out-of-phase with respect 
to the reference for all values of S. 

Similarly, the horizontal component, a, of Fie: 2(c) 
produces three symmetrical images, 6, c, and d, with 
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Fig. 2—(a) Resolving dipole current into horizontal and vertical com- 
ponents. (b), (c) Image representation of 90° corner reflector. 
(d), (e) Vector addition of the far-field components for 6=0° and 
¢=0°. 


currents flowing as in a continuous loop. In this case, 
_ the images, 0 and d, have a null in the broadside direc- 
tion, so that the total horizontally-polarized radiation 
for ¢=6=0° is found by summing the contributions 
_ from the out-of-phase components, a and c. This opera- 
_tion is performed in Fig. 2(e) using the same reference 
axis as before. Here it is seen that a quadrature relation- 
ship exists between the summation and the reference 
axis for all values of S. 
~ On comparing the radiation in the broadside direction 
of the horizontal and vertical components, we have, for 
90", 
| 2(I sin a)(sin S°) 
# (J cos a)(2 cos S* — 2) 
ep Ud De 
tan ($°/2) 


where S°= S/d (360). 
- Therefore, for the case of a 90° corner reflector, the 
vertically-polarized and horizontally-polarized com- 
ponents are in quadrature in the broadside direction for 
all values of the dipole spacing, S. This fulfills two of the 
requirements for circular polarization, 7.e., that per- 
pendicular components are in phase quadrature. The 
third requirement of equal magnitudes may be easily 
satisfied for all values of S (except for those cases where 
one or both of the magnitudes are zero) by adjusting 


Bef g [Fy 


(1) 
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the tilt angle, a, of the dipole to be equal to S°/2. 

Information is also supplied in (1) as to the rotation 
direction of the field intensity vector. Using the geo- 
metric notation of Fig. 1, the radiation is defined as a 
right-hand elliptically-polarized wave if Fy leads Fy, 
and is defined as a left-hand elliptically-polarized wave 
if Fy lags Fy. 

The radiation properties of a corner reflector for other 
values of » may be determined using the theory of 
images in a similar manner. However, as increases, the 
expressions become increasingly cumbersome. From an 
analysis of these results, it can be shown that circular 
polarization in the broadside direction may be obtained 
independent of S for any corner angle equal to a sub- 
multiple of 90°, such as 45°, 30°, 222° etc. 


‘THEORETICAL POWER GAIN 


The power gain of the 90° corner antenna in the 
broadside direction may be determined as a function of 
the vertical and horizontal component gains. Referring 
again to the vector diagrams of Figs. 2 (d) and 2 (e) the 
field gains of the vertical and horizontal arrays com- 
pared to an isolated reference dipole may be written, 
respectively, as follows: 


Fy/Fo = 2(1 cos a)(cos S® — 1)/Io (2) 
and 
Fy/Fo = 2(/ sin a)(sin S°)/Io (3) 


where J is the reference dipole current. 

For a power gain measurement, the far fields are com- 
pared for equal input powers to the test antenna and the 
reference dipole. Hence, for the vertical component, 


(I cos a)?Ry = Io?Ro (4) 
and for the horizontal component, 


(I sin a)*Rye = Io?Ro (5) 


where Ry and Ry are radiation resistances of the vertical 
and horizontal components, respectively. 

On eliminating the currents and squaring the field 
ratios, we obtain the power gains relative to a half-wave 
dipole for the two component arrays as 


P.G.y = 4R)(cos S®° — 1)?/Ry (6) 
and 


P.G.z = 4Ro(sin S°)2/Ru. (7) 


The relations of (6) and (7) are plotted in Fig. 3 for 
dipole-to-axis spacings up to one wavelength. Available 
mutual impedance data were used to determine the 
radiation resistances of the components. Larger spac- 
ings were not considered in this particular application 
because of the greatly increased size requirements. The 
abscissa is calibrated in a logarithmic scale to better il- 
lustrate the relative bandwidths at various values of S. 
These curves are calculated assuming no losses in the 
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Fig. 3—Theoretical power gain of vertical and horizontal components 
compared to a half-wave dipole. 


corner sides. In actual practice, these losses cause both 
of the gain curves to drop off rapidly as the dipole spac- 
ing is reduced to small values. 

It is seen that a spacing in the region of 0.75) has 

-much less bandwidth than one in the vicinity of 0.25), 
where the reduced slopes of the curves indicate a more 
constant power gain with frequency change. 

The next step is to determine the relative power gain 
of the actual array adjusted to produce circular polar- 
ization. Returning for the moment to the concept of two 
separate array components, the effective radiated power 
of each, as measured with a linearly-polarized dipole ata 
distant point in the broadside direction, is equal to the 
product of the relative power gain and the input power. 
In addition, these two measured powers must be equal 
for circular polarization. 

Therefore, 


(Pry)(P.G.y) = (Pa)(P.G.x) (8) 


where Py and Py are the input powers to the vertical 
and horizontal components, respectively. 

If equal input powers are now applied to the circu- 
larly-polarized array and to a vertically-polarized refer- 
ence dipole, the measured relative gain (P.G.cp) will be 
equal to the gain of the vertical component of the array 
reduced by the factor, (Py)/(Py+ Pu), or 


Py 


P.G.cp = (P.G.y) ————- 
$B oh v) Py Pe 


(9) 


On combining (8) and (9), the power gain of the cir- 
cularly-polarized corner reflector is obtained with re- 
spect to a linearly-polarized dipole in terms of the rela- 
tive gains of the vertical and horizontal components of 
the array as 
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Fig. 4—Theoretical power gain of circularly polarized corner reflector 
compared to a circularly-polarized, isotropic source. 
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P.G.cp = (10) 


This gain comparison, however, leads to a rather 
pessimistic impression of the gain value since one half of 
the input power to the corner array is wasted in the tesi 
with a linearly polarized reference dipole. Logically, a 
circularly-polarized antenna should be compared to a 
circularly-polarized standard antenna. Hence, a simple 
relation between the two references may be shown as 
follows. 

A half-wave dipole has a relative gain of 1.096 with 
respect to an infinitesimal dipole, and the latter has a 
gain of 1.5 relative to a linearly-polarized, isotropic 
source. Therefore, the right-hand term of (10) must be 
multiplied by the constant 3.29 (=1.096X1.5xX2) to 
obtain the corner array gain compared to a circularly- 
polarized, isotropic source. 

The gain data of Fig. 3 is used with (10) and this con- 
stant to calculate the gain curve of Fig. 4. In this case, 
the tilt angle of the dipole is adjusted for each value of 
the dipole spacing to produce circularly-polarized radia- 
tion. 


THEORETICAL FIELD PATTERNS OF THE 90° 
CORNER REFLECTOR 


The theoretical relative field patterns may be easily 
obtained from the image representation of Fig. 2(b) 
and 2(c) in terms of paired couplets. 

For the vertical components, the relative azimuth and 
elevation patterns are given, respectively, by 

Fy = Ci cos alcos (S° cos ¢) — cos (S° sin ¢) | 


(0=0°) 


(11) 
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Fig. 5—Theoretical relative field patterns of vertical 
components for B=90, 


and 


Fy = C2 cos a[cos (5° cos #) — 1] cos 8. 


(12) 
(¢=0°) 


Similarly, for the horizontal components, 


Fy=C;sin a[cos ¢-sin (S° cos ¢)+sin ¢:sin (S° sin ¢) | (13) 


(8=0°) 


and 


Fy = C4 sin @ sin (S° cos 86) | 
(¢=0°) 


(14) 


where the constants, C, are normalizing factors. 

In order to simplify these expressions, a short dipole 
having a cosine form factor is assumed. 

Theoretical patterns for several values of dipole spac- 
ing are plotted in Figs. 5 and 6 as calculated from these 
equations. Only the quadrant of particular interest en- 
closed by the corner reflector has been shown for the 
azimuth data, and only the forward half of the patterns 
for the elevation data. 

It is noted that undesired high side lobes are pro- 
duced for the 0.75) dipole spacing in the elevation pat- 
tern of Fig. 6. It is also seen in Fig. 6 that the 0.20 
spacing produces a more unidirectional pattern than the 
0.40A spacing. 
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Fig. 6—Theoretical relative field patterns of horizontal 
components for B =90, 


POLARIZATION MEASUREMENTS 


The polar characteristics: may be measured in the 
broadside direction of the transmitting corner reflector 
by rotating a distant receiving dipole in the plane nor- 
mal to the line joining the antennas. For the general 
case of elliptically-polarized radiation, two parameters 
are obtained at the receiving site: the axial ratio equal 
to the ratio of the minimum and maximum magnitudes 
of the dipole terminal voltage, and the orientation of the 
dipole with respect to the corner vertex for maximum or 
minimum received signals. 

Although the measured polarization data may be pre- 
sented in several different ways, a system described by 
Rumsey? is especially well suited for plotting the two 
measurements as a single point on a graph. This method 
employs the Smith-Carter impedance chart with altered 
coordinates for representation of elliptical polarization. 
The standing wave ratio is equivalent to the axial ratio 
(R), and the distance toward the generator (in electrical 
degrees) is equivalent to the orientation (Wm) of the 
maximum received signal. Thus, it is seen that a lin- 
early-polarized wave is represented by a point on the 
great circle and a circularly-polarized wave by the cen- 
ter of the diagram. 


4V. H. Rumsey, “Part I—transmission between elliptically 
polarized antennas,” Proc. IRE, vol. 39, pp. 535-540; May, 1951. 
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Fig. 7—Polarization chart theoretical curves 
for S/A=0.25. 


Since the image theory applies only for certain corner 
angles, additional information on the radiation char- 
acteristics as a function of the corner angle was obtained 
from Klopfenstein’s analysis and plotted on the polari- 
zation chart of Fig. 7 to serve as a guide in the experi- 
mental measurements. Two families of curves are given 
showing the elliptical polarization produced by various 
dipole tilt angles and corner reflector angles for a fixed 
dipole spacing. 


EXPERIMENTAL MEASUREMENTS 


Having found the various corner angles for which cir- 
cular polarization may be obtained, independent of S, 
the next problem is the choice of angle for a practical 
antenna design. Corner angles of 30° or less were not 
considered because of the extreme criticalness of the 
phase adjustment with change in the corner angle. Since 
the dipole spacing is the only frequency-dependent pa- 
rameter of the system, it is desirable to keep it as small 
as possible for greater bandwidth as well as decreasing 
the physical size of the array. However, a practical limit 
is approached as the dipole becomes closer to the sides of 
the corner because of the decreased radiation resistance 
of the dipole and the increased ohmic losses in the sides. 
On considering these various limitations, the 90° corner 
angle was chosen rather than the 45° value as a good 
compromise design. 

Starting with a 90° corner reflector constructed with 
fairly large sides, polarization measurements were taken 
in the broadside direction as the dimensions of the sides 
were reduced in steps. A test frequency of 800 mc was 
arbitrarily chosen to provide an antenna of convenient 
and easily handled dimensions. 

The corner antenna was mounted on a turntable with 
the beam directed up toward a linearly polarized receiv- 
ing antenna supported above the turntable by means 
of a horizontal boom. 
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Fig. 8—Polarization chart measured curves for L =9 inches, 
H=15 inches, f =800 mc, S/A=0.25. 


For each reduction in the corner side dimensions, 
data were taken for various values of corner angle, di- 
pole tilt angle, and dipole spacing. In general, a reduc- 
tion in the corner sides gave a shift of the 6-family curves 
to the right, and of the a-family curves downward. The 
adjustment for circular polarization became increas- 
ingly critical and the spillover became excessive for very 
small sides. 

A practical compromise was chosen based on the 
measured data of Fig. 8. The photograph of Fig. 9 
shows the final antenna as constructed of sheet alu- 
minum. Solid or mesh sides are necessary in this applica- 
tion since the sides must perform as a reflector for both 
horizontal and vertical polarizations. Mechanical di- 
mensions to produce circular polarization at 800 mc are 
given in Fig. 10. The apex was altered as indicated to 
facilitate the dipole support mounting. 

Azimuth and elevation field patterns were measured 
on this antenna for both polarizations and the results 
plotted in Figs. 11 and 12. These patterns were taken 
by rotating the antenna in an arc while mounted on the 
test turntable. Hence, the backward radiation could not 
be obtained accurately because of ground reflections. 

For vertical polarization, the measured patterns of 
Fig. 11 check reasonably close with the theoretical pat- 
terns of Fig. 5 having distinct nulls in the plane of the 
sides. Since the theoretical azimuth pattern for the 
horizontal components (Fig. 6) is almost omnidirec- 
tional, no relationship could be deduced as to the shape 
of the experimentally determined pattern obtained from 
a finite screen reflector. 

Of interest also is the departure from circular polari- 
zation as the antenna orientation is changed. Ellipticity 
measurements were made at 800 mc as the antenna was 
rotated in the azimuth and elevation planes. Axial ratio 
contours are given in the projection plot of Fig. 13 (p. 
296) in terms of the angular departure from the broad- 
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Fig. 10—Circularly polarized corner reflector. 


side direction. It is noted that the circularity remains 
more constant in the azimuth plane. 

The previous tests were conducted at the midband 
frequency of 800 mc. The upper curve of Fig. 14 shows 
the change in the axial ratio in the broadside direction 


AZIMUTH 


AZIMUTH 


(@=0°) 
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\$=0°) 


Fig. 11—Measured relative field patterns of vertical 
components. f=800 me. 
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Fig. 12—Measured relative field patterns of horizontal 
component. f= 800 mc. 
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Fig. 14—Measured values of axial ratio and standing wave 
ratio vs frequency. 


as the frequency is changed. It is seen that the circu- 
larity bandwidth is quite broad. 

The standing wave ratio as measured on the 52-ohm 
coaxial input line to the antenna is plotted in the lower 
curve of Fig. 14. The rather narrow bandwidth obtained 
may be partially attributed to the narrow-band balun 
used in the dipole design. Since the emphasis of this 
work was in the antenna radiation field, no particular 
effort was exercised in improving the impedance char- 
acteristics. However, it is believed that considerable 
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bandwidth improvement could be obtained by suitable 
design of the dipole shape and the balun. 

Gain measurements were made two different ways. 
In the first method, the distant field strength of the 
corner array was compared with that from a linearly- 
polarized, standard antenna of known relative gain. 
This standard consisted of a dipole mounted one-quarter 
wave in front of a flat screen reflector. The measured 
gain compared to a free-space, half-wave dipole in this 
test was 2.6. On multiplying by the constant 3:29, a gain 
figure of 8.55 is obtained with respect to a circularly 
polarized, isotropic source. 

In the second experiment, two identical, 90° corner 
antennas were adjusted for circular polarization and 
tested by the absolute gain method. The results of this 
test showed the power gain of the array to be 7.56 com- 
pared to a circularly-polarized, isotropic source. 

The dipole spacing of 4.3 inches (Fig. 10) is equivalent 
to 0.29 wavelength at 800 mc. Referring to the curve of 
Fig. 4, the theoretical gain for this spacing is 5.7. The 
discrepancy between the two measured values may be 
partially attributed to experimental errors. However, a 
comparison of the measured and calculated field pat- 
terns indicate that the gain of a corner array of finite di- 
mensions might be somewhat different from that of the 
ideal case having infinite sides. 


SIMPLIFIED FIELD ADJUSTMENT OF 
CORNER ANTENNA 


In the previously described experiments, circular 
polarization was obtained from the corner array by ad- 
justing the geometric parameters to produce a constant 
received voltage at a dipole for all orientations in the 
y plane. For each change in the antenna, this involved 
the steps of finding the maximum and minimum fields 
by rotating the dipole, and then taking the ratio of the 
two readings. In the course of the work, a simpler 
method was developed which is especially well adapted 
for field adjustment of the antennas for a circularly- 
polarized transmission link. 

Fig. 15 illustrates the setup employing transmitting 
and receiving corner antennas oriented for maximum 
transmission and having their apex lines parallel. All 
mechanical dimensions and geometric parameters are 
identical for the two arrays with the exception that the 
dipoles are tilted in the opposite directions. Thus, since 
the receiving antenna has been reversed in direction to 
face toward the transmitting antenna, the dipoles will 
remain parallel for all tilt angles. 

The test procedure simply involves rotating the di- 
poles together until a null is reached at the receiver and 
if necessary, to alter one of the other parameters to 
achieve this null. The only requirement is that the same 
adjustment be made on both antennas. 

An explanation may be furnished by separating an 
elliptically-polarized, transmitted wave into circularly- 
polarized and linearly-polarized components. The rota- 
tion direction of the circularly-polarized component is 
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Fig. 15—Field adjustment of corner reflectors to produce 
circular polarization. 


reversed by changing the dipole tilt angle from +a to 
—a. Hence, the receiving antenna is blind to the trans- 
mitted, circularly-polarized component, and only the 


linearly-polarized component is received. The sym- 


metry of the arrangement insures that the linearly-polar- 
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ized components of both antennas lie in the same plane 
for maximum transmission independent of the magni- 
tude of a. 

A null at the receiver therefore indicates that both 
antennas are adjusted for circular polarization but of 
opposite sense of rotation. For use in a transmission 
link, then, it is only necessary to reverse the direction 
of the tilt angle of one of the antennas to obtain maxi- 
mum transmission. 


CONCLUSION 


The theory of images has been used to develop the 
basic theory of the antenna for the cases of greatest 
practical interest. From this data, the parameters of a 
circularly-polarized radiator were designed. Numerous 
experiments were conducted to determine the modifica- 
tions and dimensions of a practical antenna satisfying 
the electrical requirements. 

Inherent advantages of this type of antenna are the 
simplicity of both the construction and the adjustment. 
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Corner Reflector Antennas with Arbitrary Dipole Orientation 
and Apex Angle* 
RALPH W. KLOPFENSTEIN} 


Summary—This paper is concerned with the determination of 
_ corner reflector characteristics for reflectors of arbitrary apex angle 
_ excited by any infinitesimal dipole source which is tangent to a 
circular cylinder having the reflector axis as its axis. Use is made of 
the dyadic Green’s functions for the perfectly conducting wedge 
recently given by Tai, and the results are obtained as infinite series 
of Bessel functions. 

The quantities of interest are the relative phase and magnitude 
of vertical and horizontal components of electric field, the directive 
gain of the antenna, and the radiation resistance of the dipole source. 
These have been computed for a continuous range of apex angles 
from 30° to 180° for dipole-to-axis spacings up to about a wavelength. 

The results of this general analysis are useful not only for the de- 
termination of reflector characteristics for apex angles not subject 
to image analysis, but also for the obtaining of certain limiting forms 
for small apex angles which are not readily apparent from the image 
analyses. 


INTRODUCTION 


HE CORNER reflector antenna excited by a 
half-wave dipole forms a compact, high-gain an- 
tenna of moderate bandwidth. The mathematical 


* Manuscript received by the PGAP, May 8, 1956. 
+ RCA Laboratories, Princeton, N. J 


model from which the performance characteristics of 
such antennas are calculated consists of two semi-in- 
finite conducting planes intersecting in a line at an angle 
from zero to 360°. The excitation of the wedge is nor- 
mally accomplished by placement of a half-wave dipole 
antenna within the wedge. In practice, of course, the 
semi-infinite planes of the mathematical model are trun- 
cated to some finite extent, and, ordinarily, they are 
made as small as possible. The value of the mathemat- 
ical model lies in the experimentally observed fact that 
it predicts the performance of the practical antenna so 
long as the reflecting sheets are only moderately large 
relative to the exciting dipole and its spacing from the 
apex of the reflector. 

The initial work in regard to the corner reflector an- 
tenna consisted of an analysis of the fields for on-center 
excitation by a dipole source oriented parallel to the axis 
for corner reflectors whose central angles were submul- 
tiples of 180°.! For these cases, the analysis can be car- 


1 J. D. Kraus, “The corner-reflector antenna,” Proc. IRE, vol. 28: 
pp. 513-519; November, 1940. 
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ried out through the theory of images. These results 
have recently been put into a general form applicable to 
all such apex angles.” It is perhaps less generally known 
that a similar image analysis can be carried out for hori- 
zontal orientation of the dipole, 7.e., orientation such 
that the dipole lies in a plane perpendicular to the corner 
reflector axis and is perpendicular to a line in this plane 
connecting the dipole location with the reflector axis.’ 
This dipole orientation has received relatively little at- 
tention to date probably because of its apparently lower 
gain potentiality. It has recently been pointed out, how- 
ever, that for certain dipole orientations the corner re- 
flector antenna serves as a circularly polarized radiator.‘ 
This has led to renewed interest in corner reflector char- 
acteristics for arbitrary dipole orientations and arbitrary 
apex angles. 

Analyses have previously been given for the corner 
reflector of arbitrary apex angle excited by a line source,’ 
and, more recently, for the corner reflector of arbitrary 
apex angle excited by an infinitesimal vertical dipole 
source.® This paper is concerned with the determination 
of corner reflector characteristics for reflectors of arbi- 
trary apex angle excited by any infinitesimal dipole 
source which is tangent to a circular cylinder having the 
reflector axis as its axis as shown in Fig. 1. Field ex- 
pressions have been obtained as well as expressions for 
the power gain and radiation resistance of such antennas. 
The values of these quantities have been computed for 
a suitable range of antenna dimensions, and the results 
of these computations are given in graphical form. The 
analysis has been restricted to excitation by an in- 
finitesimal dipole because of the essential similarity of 
these results to those for any dipole length (at least 
through a half-wavelength) and because of the simplifi- 
cation thus obtained. The question of the current dis- 
tribution on the radiating element has thus been 
avoided. 

The analysis for arbitrary apex angle is valuable be- 
cause of its generality. Especially useful are certain 
limiting forms of the results which can be readily ob- 
served in the results given here. In addition, the results 
of image analyses besides being restricted to apex angles 
which are submultiples of 180° have the property of 
becoming more and more involved as the apex angle 
decreases. The results obtained here, on the other hand, 
become increasingly simplified as the apex angle de- 
creases. For small apex angles one would probably 


2 J. J. Epis, “Corner Reflector Standard Gain Antennas for 800 to 
1600 Megacycles,” Div. of Elec. Eng., University of California, 
Heer ase Calif.; Inst. of Eng. Res., Ser. 60, Issue No. 118; July 15, 
1954. 

3 E. B. Moullin, “Radio Aerials,” Oxford University Press, Lon- 
don, Eng., pp. 125-170, 181-183; 1949. 

40. M. Woodward, Jr., “A circularly polarized corner reflector 
antenna,” this issue, pp. 290-297. 

5 J. R. Wait, “On the theory of an antenna with an infinite corner 
reflector,” Can. J. Phys., vol. 32, pp. 365-371; June, 1954. 
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Fig. 1—Corner reflector antenna with infinitesimal 
dipole excitation. 


choose to use the results of the more general analysis 
because of its relative computational simplicity even 
through the apex angle was such that an image analysis 
could be used. 


FIELD COMPONENTS FOR ARBITRARILY ORIENTED 
DIPOLE EXCITATION 


The corner reflector geometry under consideration is 
shown in Fig. 1. With reference to this figure the fields 
are to be found for arbitrarily specified po, do, YW, and a. 
Due to the principle of superposition, the consideration 
of arbitrary a can be immediately reduced to the con- 
sideration of only two values of a. In particular, it 
suffices to determine the fields for vertical and hori- 
zontal orientation of the dipole, z.e., for a=7/2 and a= 
0. The field, E., for any value of a can be obtained from 
E,(a=7/2) and E,(a=0), viz., 


E. = E, cos (a) + E, sin (a). (1) 


The use of dyadic Green’s functions permit the deter- 
mination of electromagnetic fields due to current dis- 
tributions and apertures in the presence of diffracting 
bodies. The dyadic Green’s functions for a number of 
diffracting bodies including the infinite perfectly con- 
ducting wedge have recently been given by Tai.7 In 
terms of the dyadic Green’s function, G.(P, P’), the 
electric field, E(P), due to a current distribution, J(P’) 
in the presence of a diffracting body is given by 


°C. T. Tai, “Radiation from Current Elements and Apertures in 
the Presence of a Perfectly Conducting Half Plane Sheet,” Tech. Rep. 
No. 45, Stanford Res. Inst., Stanford, Calif.; June, 1954. 

™C. T. Tai, “A Glossary of Dyadic Green’s Functions,” Tech. 
Rep. No. 46, Stanford Res. Inst., Stanford, Calif.; July, 1954. 
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E(P) = iwp ih 1p f J(P’)-G AP, P')do, (2) 


where the volume integral is taken over the volume in 
which the current is distributed. In the case of an elec- 
tric dipole source of strength A then, the electric field is 
E(P) = iwpA(P’)-G.(P, P’). (3) 
The corner reflector is described in terms of a cylin- 
drical coordinate system (p, ¢, 2) as indicated in Fig. 2. 
For the case of a horizontally oriented dipole source at 
(p0, do, 0), A =@A so that 
E(P) = iwuAd-G.(P, P’). (4) 
The procedure involved in the actual substitution of the 
dyadic Green’s function into (4) is lengthy but straight- 
forward so that it will not be reproduced in detail here. 


The terms of the resulting field components of order 
1/R (R= ~v/p?+2?) are given by 


Te 


|i oe eee : 2 / 
so 2k? »D EnN COS (n1do/W) sin (n1rd/p) 


-) 2 
- f Inxjy(APo) Anzjy™’ (Ap) ee Erez dy, 


—o 


— = > e, cos (nx$o/p) cos (nr$/¥) 
2y n=0 


. f Inaty (Apo) Hany (Ap)e*dh, 


and 


E, = ree 2 En COS (nrgo/P) sin (n/p) 


? f Tnnjold0o) Hany ?(do)e*dh, (5) 


where ¢,=4 for »=0, and e,=1 for all other ». The 
primed Bessel functions denote differentiation with re- 
spect to their arguments, and ) is defined by X= Vk?—h’. 

The integrals in (5) may be evaluated for large values 
of p by the method of saddle points, and when this is 
done it is found that 


yo eikR 
Lo = cos? (0)Ge, 
v 
uo etkR 
heer: 1; 
“ah es 
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Fig. 2—Cylindrical coordinate system associated with 
corner reflector antenna. 
and 
wo eth 
k,=-— sin (8) cos (0)G2, 
v 
where 
ou nn \ 7 
Gu es exp [(- 1 al 
n=0 yp 2 
cos (nmpo/p) cos (nto/P)Jnz/y'(kpo sin 8), 
and 
ee nT un\ 7 
gear erartl ke ge 
n=O WRpo sin 6 y 2 
cos (nmdo/W) sin (n3d/P)Jnzjy(Rpo sin 0). (6) 


In (6) R and @ are the spherical coordinates of a point 
P in the far field. The field components themselves are 
more compactly written in terms of spherical coor- 
dinates in the far field. Thus, 


po etkR 
‘Gee: y R ly 
and 
w etkk 
Bus a cos 8(Gs) (7) 


Eq. (7) gives the results which were the object of this 
analysis. It gives the far field components due to a hori- 
zontal infinitesimal dipole arbitrarily located within a 
corner reflector of arbitrary apex angle. 

An exactly similar process can be carried out for exci- 
tation by a vertical infinitesimal dipole source by setting 
A=kA. When this is done it is found that the far field is 
given by 


300 


where 


G= Dew|(- i=) =] sin (radu) 


n=1 
sin (n1o/W)Jnzjy(Rpo sin 4). 


This checks the results obtained by a somewhat differ- 
ent method by Wait.5 

The infinite series G, Gi, and Ge, involve Bessel func- 
tions of fractional order in the general case. Until re- 
cently these functions have been only sketchily tabu- 
lated, but new tables,*-!° have greatly increased the 
usefulness of expressions such as those obtained for the 
corner reflector fields. In the case that the apex angle of 
the reflector is a submultiple of 180°, the series above in- 
volve Bessel functions of integral order only. Compari- 
son of these results with those of image analysis then 
furnish a family of identities involving infinite series of 
Bessel functions. Some of these identities are well known 
while others, particularly those corresponding to the 
smaller apex angles, are not generally recognized. 

The forward fields due to horizontal and vertical ele- 
ments centrally located in a corner reflector (¢o =y/2) 
have been computed from (6) and (8) for spacings of the 
dipole elements from the apex up to about one wave- 
length. Of particular interest in this connection is the 
ratio (in magnitude and phase) of the horizontal and 
vertical fields in the forward direction. When these fields 
are in phase quadrature, circularly polarized radiation 
in the forward direction can be obtained by suitable ad- 
justment of the tilt angle a. In fact, the required tilt 
angle is simply the inverse cotangent of the ratio of the 
magnitudes of the fields. Curves showing the magnitude 
and phase of the field ratio are given respectively in 
Figs. 3 and 4. The dotted lines in Fig. 4 show the points 
at which circularly polarized radiation may be obtained. 

The convergence of the series of (6) and (8) is fairly 
rapid. Three-decimal accuracy is given by the leading 
term only for kop $2(r/y—1.25) in the case of vertical 
dipole excitation, and for kpo $1.5 (r/p —2.5) in the case 
of horizontal dipole excitation. The above inequalities 
apply in the case that kpo is between 1 and 6 which is 
the range in which computational experience was gained 
here. 


DIRECTIVE GAIN FOR HORIZONTAL AND VERTICAL 
DIPOLE EXCITATION 


The directive gain can be found in the usual way by 
comparing the radiation intensity in the preferred di- 


8 E, Cambi, “Eleven and Fifteen-Place Tables of Bessel Functions 
of the First Kind to All Significant Orders,” Dover Publications, 
New York, N. Y.; 1948. 

9 Mathematical Tables Project, “Tables of Spherical Bessel Func- 
tions,” Columbia University Press, New York, N. Y., 2 vols.; 1947. 

10 National Bureau of Standards, “Tables of Bessel Functions of 
De cea Columbia University Press, New York, N. Y., 
vol. 1; 1948. 


IRE TRANSACTIONS ON ANTENNAS AND PROPAGATION 


ARC coT|E*| IN DEGREES 


Fig. 3—Ratio of magnitudes of E, and E, in forward direction as a — 
function of corner angle for various dipole-to-apex spacings. 
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Fig. 4—Phase difference between E, and E, in forward direction as 
a function of corner angle for various dipole-to-apex spacings. 
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rection to the total radiated power. Thus, 


Anl (4, 1 
D(61, $1) = iy (9) 


vy T 
f I(0, @) sin 6dédd 
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where D is the directive power gain in the direction 
(01, $1), and I is the radiation intensity in any direction 
(9, ¢). 

For the vertical infinitesimal dipole excitation this 
relationship can be written as 


4m sin? (61) | G(s, $1) |? 


D,(61, $1) = (10) 


ih ; | G(8, ¢) |? sin? (6) dode 
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In the denominator the integration with respect to ¢ can 
be carried out explicitly, and considerable simplification 
results due to the orthogonality of the trigonometric 


D,(@1, $1) = 
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A similar analysis can be carried out for horizontal 
infinitesimal dipole excitation using the field expres- 
sions of (7) to obtain 


8ar[ | Gi(O1, $1) |2 + cos? 6, | Ga(O1, $1) |?] 


a/[2 1 .) r/2 
y if J \?(Rpo sin @) sin 6d0 + ey >> cos? (nroo/W) f [((4 — B)?+ (A + B)? cos? 6] sin ain 
0 al 0 


functions involved in G(6, @) on the interval [0, w]. 
Upon integration it is found that 


D,(61, $1) 


“ 4m sin? (6) | G(61, $1) |? an 


oo [2 
Y >> sin? (n$o/W) if Inxjy?(Rpo sin 8) sin? (6) dé 
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where for a central location of the dipole (@)=/2) al- 
_ternate terms of the series vanish thus increasing the 
rate of convergence. 

For small spacing of the dipole from the apex of the 
corner reflector (kpo<1), (11) can be evaluated by con- 
sidering the leading terms of its power series expansion 
to obtain 


8/xT [(x/p) + (5/2) | 
T[(r/p) + 2] 
sin? (mg1/p)(sin 61) O*/¥>+2, 


D,(01, $1) = 
(12) 


_where I'(x) denotes the gamma function. It is seen that 
for small spacing the maximum directive gain always 
occurs at 6;=7/2, ¢1=yW/2, and is independent of the 
dipole angular location specified by ¢o. For larger spac- 
ing this is no longer true, and displacement of the di- 
pole from ¢@o=y/2 will introduce beam deflection. For 
the small spacing case, the maximum directive gain then 
is given by 


_ 8Vva0[(r/y) + (5/2)] 


Bes (13 
T[(a/p) + 2] 


which can be further simplified in case the apex angle is 


small to 
8 1 7 3/2 
D, een Ree —-+ =| 
ae 12 


by the introduction of asymptotic expansions for the 
gamma functions. These last two formulas furnish con- 
venient guides for the determination of corner reflector 
gains in the relatively small spacing case. Exact values 
can be obtained from (11) for larger spacings. 


(14) 


d 


where 
A= I nxjp—1(Rpo sin @), 
and 


B = Jnzjy+i(Rpo sin 6). (15) 


The formidable appearance of this last expression is 
somewhat deceiving, and actually it is as readily 
handled numerically as is (11). In the small angle case 
only the leading term of the denominator is needed. 
Small spacing expressions similar to those of (12)—(14) 
can also be obtained for this case by considering the 
leading term of the power series expansion of (15). In 
this case, what constitutes the leading term depends 
upon the apex angle as well as upon the direction of ob- 
servation. However, in the event that ~Y<a/2 (or in 
case do = /2 if ~<7) the choice of the leading term is 
unambiguous and it is found that for small spacings 


3a 
Di(61, bo) ~ y sin? (61), (16) 


and that the maximum directive gain which occurs for 
A; =r /2 is 


Dp ~ 3x/y. (17) 
Thus, it is seen that the corner reflector excited by an 
infinitesimal horizontal dipole element behaves essen- 
tially like a continuous loop antenna when the apex 
angle is sufficiently small, as one would suspect from 
the image analysis. 

The directive gains of corner reflectors excited by 
vertical and horizontal dipole elements have been com- 
puted for dipole-to-apex spacings up to about one 
wavelength from (11) and (15). The integrations in- 
volved were carried out with the aid of a planimeter. 
These results are displayed as a function of y with the 
dipole spacing as a parameter in the curves of Figs. 5 
and 6. 


RADIATION RESISTANCE FOR HORIZONTAL AND 
VERTICAL DIPOLE EXCITATION 


A direct computation of the radiation resistance for 
the infinitesimal dipole which excites a corner reflector 
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(b) 
Fig. 5—(a) Forward gain of corner reflector excited by vertical in- 


finitesimal dipole source. (60=y/2). (b) Zero spacing gain of cor- 
ner reflector excited by vertical infinitesimal dipole source. 


would have little meaning since it would turn out to be 
zero in every case just as it does for an isolated in- 
finitesimal dipole. This is a reflection of the fact that 
an assumed infinite current radiates a finite amount of 
power. The meaningful quantity which can be obtained 
in this case is a comparison of the radiation resistance 
of an infinitesimal dipole located in the corner reflector 
to that of an isolated infinitesimal dipole. This ratio 
while only exact in the zero length limit gives approxi- 
mate results for all short dipoles, and it is surprisingly 
close even in the case of half-wavelength dipoles. 

A comparison between the radiation resistances of 
two antennas can be obtained through 


Ry ¥, Do(O1, $1) L1(1, 61) 
Ry =D, (81, 1) Z0(61, $1) 


(18) 


where Rj, Ro are the respective radiation resistances, 
D,, Do are the respective directive gains, and J1, Jo are 
the respective radiation intensities in an arbitrarily 
specified direction 61, ¢:. The radiation intensities are 
evaluated for equal currents at the points of reference 
at which the radiation resistances are evaluated. 
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(b) 
Fig. 6—(a) Forward gain of corner reflector excited by horizontal 


infinitesimal dipole source. (¢0=w/2). (b) Gain of sector of cir- 
cular loop in corner reflector. 


The radiation field of an isolated infinitesimal dipole 
source of unit strength placed at the origin and oriented 
along the Z axis of a spherical coordinate system is 


given by 
ino ~ eikR 
E, = — sin 6 
4a 


; (19) 


and, it has a directivity gain in the 0;=7/2 direction of 


Do(xr/2, $1) == 15. (20) 

When an isolated infinitesimal dipole is compared to 
a co-oriented infinitesimal dipole in a corner reflector by 
means of (18) making use of (8), (11), (19), and (20) it is 
found that 


Beisel) 


Ro — mel sin? (ntdo/W) 


ar/2 
: f Inrjy?(Rpo sin 6) sin® (6)d6, (21) 
0 


NT EEO 
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where the infinite series is the same as that involved in 
the denominator of (11). A similar process may be car- 
ried out making use of (7), (15), (19), and (20) to obtain 
for the horizontal infinitesimal dipole in a corner re- 
‘flector 


3am id 
Matt Hal J\?(Rpo sin 0) sin 6d6 
0 


1 ) 
ary Di. cos? (nm$o/p) 


a/2 
ff [(A — B)?+ (A + B)® cos? 6] sin oan} 422) 


where A and B are as defined in (15). 

The radiation resistances of horizontal and vertical 
dipole elements centrally located in a corner reflector 
(¢0o=W2) have been computed from (21) and (22) for 
spacings of the dipole elements from the apex up to 
about one wavelength. The integrations are the same 
as those involved in the directive gain calculations so 
that no additional numerical integrations were re- 
quired. These results are displayed as a function of y 
with the dipole spacing as a parameter in the curves of 
Figs. 7 and 8. 

The convergence of the series of (21) and (22) is 
quite rapid. In the case of a vertical exciting element it 
was found that the leading term was sufficient for 
kpo S3(r7/y—1) in the range up to one wavelength 
spacing while in the case of a horizontal exciting element 
only a single term was necessary for kop S$2(r/y—1.5) 
in the same range of spacings. 

As in the case of the directive gain, approximate 
expressions for the radiation resistance which hold for 
small spacings of the dipole element from the corner re- 
flector apex may be obtained by considering the leading 
term of the power series expansions of (21) and (22). 
- For excitation by a vertical dipole element it is found 
that 


3-/m(kpo/2)27/¥ eS + 1) 
2 Ol Se arr atg ee aaa (23) 


SGD 


while for excitation by a horizontal dipole element it is 
found that 


Re, 2 (Bpo/2)? 
sigateey aul * 


(24) 


Eq. (24) applies in the case ¥<7/2 (if oo=¥/2 for 
y<r7) only. 
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Fig. 7—Radiation resistance of short vertical dipole in corner reflector 
compared to free space radiation resistance. 
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Fig. 8—Radiation resistance of short horizontal dipole in corner re- 
flector compared to free space radiation resistance. 


DIRECTIVE GAIN AND RADIATION RESISTANCE 
FOR ARBITRARY DIPOLE ORIENTATION 


It was seen previously that when the fields were 
known for a corner reflector excited by horizontally and 
vertically oriented infinitesimal dipoles, the correspond- 
ing fields for a dipole element arbitrarily oriented 
tangent to a circular cylinder whose axis is the reflector 
axis could be easily found [see Fig. 1 and (1)]. In this 
section similar results will be obtained for the directive 
gain and radiation resistance of a corner reflector excited 
by such an arbitrarily oriented infinitesimal dipole 
source. 

A unit dipole source oriented at an angle a (as shown 
in Fig. 1) may be considered as the superposition of a 
horizontally oriented dipole source of magnitude cos a 
and a vertically oriented dipole source of magnitude 
sin a. The power inputs to these dipole elements are 


P,, = G cos? aR, 


and 


P, =Csin®aR,, (25) 
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where C is a constant, and the total input to the arbi- 
trarily oriented unit dipole source is 


P = C[cos? aR, + sin? aR, |. (26) 
The justification for (25) and (26) lies in the fact that 
there is no mutual resistance coupling between the 
vertical and horizontal component dipole elements, or, 
in other words, that the two component dipole elements 
radiate power independently. This fact is quite evident 
intuitively, but it can also be shown directly by an inte- 
gration of the Poynting vector due to the field of (1). 
This decoupling exists only for the vertical and hori- 
zontal directions and not for other mutually perpendicu- 
lar directions which might be chosen. 

From (26) it is seen that the radiation resistance of 
an arbitrarily oriented dipole source is given by 


R. = cos? aR; + sin? aR,. (27) 
The radiation resistance thus oscillates, as the dipole is 
rotated, between the extreme values which correspond 
to vertical and horizontal orientation. In particular, if 
R, and R, are equal, the radiation resistance (but not 
necessarily the radiation reactance) will be inde- 
pendent of the angle a. 

Similar considerations applied to the radiation in- 
tensities of the component dipole sources will lead to a 
corresponding result for the directive gain of an arbi- 
trarily oriented unit dipole source. The radiation in- 
tensities in a given direction (6;, ¢:1) due to the com- 
ponent dipole sources are 


T,(61, $1) = K cos? aR,D,(61, $1), 
and 


T,(64, $1) =I Gi aR, D,(61, $1), (28) 
where K is constant. The total radiation intensity can- 
not in general be obtained by simply adding the com- 
ponent intensities; but on the equator (9=7/2), in this 
case, the two fields are mutually perpendicular so that 
the corresponding radiation intensities can be directly 
added. In this case, then: 


T(4/2, 1) = K[cos? aRwDi(m/2, 1) 
+ sin? aR,D,(r/2, $1) ], 
oe cos? aR,Di(r/2, $1) + sin? aR,D,(r/2, $1) 


= ji OA) 
cos? aR; + sin? aR, os 
in which it can be observed that 
DixGr/ 2, 1) 
i cos? aR,D,(1/2, $1) + sin? aR,D,(r/2, $1) (30) 


cos? aR, + sin? aR, 
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Eqs. (27) and (30) now permit the determination of 
the properties of a corner reflector excited by an arbi- 
trarily oriented infinitesimal dipole source from the cor- 
responding properties for horizontally and vertically 
oriented dipole sources. The directivity gain of (30), of 
course, does not allow for any polarization loss, and it is 
only available if the receiving antenna is elliptically 
polarized in the same manner as the transmitting an- 
tenna. = 

Of particular interest is the corner reflector whose 
radiation in the (1/2, Y/2) direction is circularly polar- 
ized. For certain apex angles such that the horizontal 
and vertical components of radiation are in phase 
quadrature, the tilt angle a can be adjusted so that they 
have equal magnitude, and the resultant radiation is 
then circularly polarized. This occurs when the radia- 
tion intensities, [,(7/2, Y/2) and I,(7/2, y/2) are of 
equal magnitude, or, from (28), when 


cos? aR,D; (1/2, ~/2) = sin? aR,D,(2/2, ¥/2). (31) 


This relation permits the elimination of a from (27) and 
(28), and it is found that for a circularly polarized 
corner reflector antenna 


Dep(m/2, p/2) = ; ; » (32) 


Di(4/2, ¥/2) Z D,(m/2,$/2) 


and 


1 1 
Dilx/2,0/D | Dila/2, 0/2 
1 1 
RsDi(w/2,¥/2) | ReDi(n/2, ¥/2) 


Ripi= (33) 


The relation in (32) is particularly interesting in that it 
shows that the directive gains of the horizontal and 
vertical components combine exactly like parallel re- 
sistances, the directive gain of the resulting circularly 
polarized antenna being twice as large as the parallel 
combination. 

The gains and radiation resistances of circularly 
polarized corner reflector antennas have been computed 
through the relations given in (32) and (33) from the 
data shown in Figs. 5-8. The results of these computa- 
tions are shown in Figs. 9 and 10. With only a few ex- 
ceptions, circular polarization is only possible for corner 
reflectors whose apex angle is a submultiple of 90°, but 
for those apex angles circular polarization is possible at 
any dipole-to-apex spacing except where the horizontal 
and vertical component has a zero in its radiation pat- 
tern in the direction (7/2, y/2). 
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Fig. 9—Directive gain vs dipole spacing for circularly polarized cor- 
ner reflector antenna with various apex angles. 


’ 


CONCLUSION 


The theory of the corner reflector has been thoroughly 
developed for excitation by an infinitesimal dipole 
source which is tangent to a circular cylinder having the 
corner reflector as its axis. These results are applicable 
to reflectors of arbitrary apex angle. The electromagnetic 
fields, directive gains, and radiation resistance have 
been found in terms of an infinite series of Bessel func- 
tions. These series are especially suitable for computa- 
tion for the smaller apex angles although the conver- 
gence of the series is reasonably rapid for all apex 
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Fig. 10—Radiation resistance vs dipole spacing for circularly polar- 
ized corner reflector antenna with various apex angles. 


angles. Computations of corner reflector properties with 
dipole-to-apex spacings up to about a wavelength have 
been carried out, and the results are given in a series of 
curves. 

Of particular interest are the configurations which 
lead to circularly polarized radiation in the direction of 
maximum gain. It has been shown that, with a few 
exceptions, this is possible only for corner reflectors 
whose apex angles are submultiples of 90°. However, 
for such reflectors circular polarization is possible for 
every dipole-to-apex spacing except those for which the 
horizontal or vertical gain has a zero in the forward 
direction. 
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Mutual Impedance of Unequal Length Antennas in Echelon* 
HOWARD E. KINGt - 


Summary—The expression is developed for the mutual imped- 
ance between two staggered parallel center-fed, infinitely thin 
antennas of unequal lengths. Heretofore unpublished curves are 
presented here which display the mutual impedance characteristics 
for a variety of unequal antenna lengths in echelon. 


INTRODUCTION 


HE antenna engineer is often confronted with the 
Octet of predetermining the input impedance 

of each radiator of a directional array. In addition 
he must frequently determine the interference pattern 
due to parasitic wires or antennas adjacent to the fed 
antenna. To find the input impedance and/or to find the 
induced currents on other wires, it is necessary to de- 
termine the mutual impedance between elements. 
Carter! has presented the mutual impedance between 
two wires in echelon where each antenna is an odd num- 
ber of 4 wavelengths long. The mutual impedance ex- 
pression between two identical nonstaggered parallel 
center-fed antennas of Brown? is now a classic. The 
work of Brown was carried further by Cox*® who de- 
‘termined the mutual impedance between parallel an- 
tennas of unequal lengths. 

Thus, sufficient data has been presented in the past 
to solve the conventional problems. However, the an- 
tenna engineer may often require a knowledge of the 
mutual impedance between staggered parallel antennas 
of arbitrary length. The purpose of this paper is to pre- 
sent an expression which combines the work of Carter 
and Cox from which may be calculated the mutual im- 
pedance between any two infinitely thin center-fed 
parallel antennas of any length whether they be non- 
staggered, staggered, or collinear. 

As with all the formulas cited in the references, the 
mutual impedance equations apply accurately to in- 
finitely thin antennas only, but nonetheless serve as a 
practical approximation for real antennas of finite 
thickness. 


DETERMINATION OF MUTUAL IMPEDANCE 


The problem on hand is illustrated in Fig. 1. Two 
center-fed antennas of half-lengths /,; and /; are shown 
separated by a distance d, and staggered by the height, 


* Manuscript received by the PGAP, July 14, 1956. 

+ The Ramo-Wooldridge Corp., Los Angeles 45, Calif. 

1P, S. Carter, “Circuit relations in radiating systems and appli- 
cation to antenna problems,” Proc. IRE, vol. 20, pp. 1004-1041; 
June, 1932. 

2G. H. Brown, “Directional antennas,” Proc. IRE, vol. 25, pp. 
81-145; January, 1937. 

3 C. R. Cox, “Mutual impedance between vertical antennas of un- 
equal heights,” Proc. IRE, vol. 35, pp. 1367-1370; November, 1947. 


Fig. 1—Two parallel antennas of arbitrary 
length in echelon, 


h. The mutual impedance between the two antennas of 
Fig. 1 is defined by 


Var 
£1 = -— 


ie (1) 
where V» is the open-circuit voltage at the terminals of 
antenna 2, due to a base current Jy in antenna 1. The 
open-circuit voltage at the terminals of antenna 2 
which results from the voltages induced in all the ele- 
mental lengths of the antenna may be found, by appli- 
cation of the reciprocity* theorem, to be 


1 loth 
= —(f E,sle(z)dz + 
h 


2b 


2lath 


Van Eal(s)ds), (2) 


loth 


where J» is the base (7.e., feed point) current of antenna 
2, and LE, is the component of electric intensity parallel 
to the axis of the antenna at a point z along antenna 2, 
due to a current in antenna 1. The antenna current dis- 
tribution J2(z) is assumed to be sinusoidal and given by 


h<z<hth 
h+h<zs<2h+h 


To(z) 
T(z) 


Tom Sin B(z — h) 
Tom Sin B(2lz + h — z) 


(3) 


where J2, is the value of current at the current loop or 
current maximum. The expression? for parallel com- 
ponent of electric field, is given as 


‘See, for example, E. C. Jordan, “Electromagnetic Waves and 
Aner Systems,” Prentice-Hall, Inc., New York, N. Y., p. 349; 
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—je-tn  — je-iBr rhs 
Ea = 30D im —_ ie lin + erica Bhig Ss (4) 
a 12 ro . 


Eq. (1) gives the mutual impedance referred to the base 
or feed point. The mutual impedance related to the 
loop currents will be given by 


Tivlon 


Z12 base: (5) 


Z12 loop = 
Im£2m 


Inserting (2)—-(4) into (1), and in view of (5), the 
expression for the mutual impedance referred to the 
loop currents becomes 


loth 
Z12. = - 30] { f sin B(z — h) 
h 


Qlgth 


qt sin B(2lz + h — at 


Ig+h 
— jen —qe—ibra 24 cos Bl e—iBr 
( + + ae | (6) 
al 12 To 


The geometry of Fig. 1 reveals that 


ro = VP + (7) 


Rap eeainnd == (Epis) * (8) 
re = Vd? + (i, + 2). (9) 


The real part of the complex expression (6) gives the 
mutual resistance and the imaginary part gives the 
mutual reactance. Eq. (6) can be evaluated by mechani- 
cal integration; however, to make possible arithmetical 
computations the integration is done mathematically 
so that a convenient form is available for calculations. 

Substituting the relations (7)—(9) into (6), and fol- 
lowing the integrations in a manner similar to that out- 
lined in the Appendix, the most general expressions for 
the mutual impedance between two thin parallel center- 
fed antennas of any arbitrary half-length /,; and h, 
spaced a distance d apart, and staggered by the value 
h, are: 
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where 


uo = B(/d? + (h —h)? + (hk — h)) 

to = B(Va? + (hk — 1)? — (h — hy) 

po! = B(/d? + (h + hy)? — (h+ h)) 

vo! = B(Va? + (b+ hy? + (h + 1) 

i = BOVE + (h—-1 +h)? + (h-l +h) 
1 = B(Ve + (h-L +h)? — (hl +h) 
we = BOVE + (hE UL +h)? R- (h+A+h)) 
v= BOVa + (h+h+h)?+ (A+h +4 h)) 
us = B(V/d? + (h — 1, + 2h)? + (hk — Ly + 2h)) 
vs = Bid? + (h —1, + 2h)? — (h — hy + 2h)) 
ts = BOVE + (h +1, + Ih)? — (h + Ly + 2h) 
vs = BV? + (k++ Qh)? + (A+ 1 + 2h)) 
w: = B(/d? + h? — h) 

y1 = BV a? + h? + h) 

we = B(V/d? + (h + le)? — (hk + b)) 

yn = B(Va + (h + b)* + (h + h)) 

ws = B(V/d? + (h + Qe)? — (hk + 2h)) 

ys = B(V a? + (h + De)? + (hk + 2h)). 


Considerable reduction in the length of (10) and (11) 
results if the length /;=\/4. Furthermore, note that 
once Ry» is obtained one can find Xz. by the following 
relations. Let 


Ri = X12 
Ci (x) = — Si (x) 
Si (y) = Ci (y). 


MuTvuAL IMPEDANCE CURVES 


The antenna configurations used in this presentation 
are illustrated in Fig. 2. In all the curves the mutual 


Ris = 15{cos B(l, — h)(Ci (uo) + Ci (v0) — Ci (m) — Ci (m)) + sin BG — 2)(—Si (uo) + Si (vo) + Si (a) — Si (m)) 
+ cos B(I, + h)(Ci (mo’) + Ci (0’) — Ci (wz) — Ci (v2)) + sin BO + h)(—Si (e0") + Si (a0’) ++ Si (2) — Si (v)) 
+ cos B(y — 2le — h)(—Ci (am) — Ci (v1) + Ci (us) + Ci (0s) + sin BA — 2k, — hy) (Si (ux) — Si (v1) — Si (wa) + Si (vs)) 
+ cos B(, + 2l2 + h)(—Ci (2) — Ci (v2) + Ci (us) + Ci (4) + sin BA + 2h + h) (Si (#2) — Si (2) — Si (244) + Si (x4) 


+ 2 cos Bl, cos Bh(—Ci (wy) — Ci (yn) + Ci (we) + Ci (y2)) + 2 cos Bh sin Bh (Si (w1) — Si (v1) — Si (we) + Si (y2)) 
++ 2.cos Bl; cos (22 + h)(Ci (ws) + Ci (ys) — Ci (ws) — Ci (ys) + 2 cos Bhi sin Bh (2lz + h)(—Si (ws) + Si (2) + Si (ws) — Si (92) } 


(10) 


X12 = 15{cos B(, — h)(—Si (wo) — Si (v0) + Si (a1) + Si @)) + sin BA — h)(—Ci (wo) + Ci (v0) + Ci (am) — Ci (a) 
+ cos B(I, + h)(—Si (u#0”) — Si (vo’) + Si (a) + Si (a2)) + sin BG + h)(—Ci (uo’) + Ci (v0’) + Ci (ue) — Ci (a)) 
+ cos Bl; — 2l2 — h)(Si (1) + Si (rm) — Si (us) — Si (s)) + sin Br — 2k, — h)(Ci (um) — Ci (nm) — Ci (ug) + Ci (2s) 
+ cos Bly + 2ln + h) (Si (a2) + Si (v2) — Si (us) — Si (2s) + sin BU + 2le + h)(Ci (uz) — Ci (2) — Ci (ut) + Ci (%)) 
+ 2 cos Bl; cos Bh(Si (ws) + Si (1) — Si (we) — Si (y2)) + 2 cos Bl, sin Bh(Ci (wr) — Ci (yx) — Ci (we) + Ci (92) 
+ 2 cos Bh, cos B(2l2 + h) (—Si (we) — Si (v2) + Si (ws) + Si (ys)) + 2 cos Bh sin B(2la + he) (—Ci (we) + Ci (v2) + Ci (ws) — Ci (ys))} (11) 
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| Fig. 3(a) when the antennas are in echelon, 7.¢., stag- 
gered by h=0 and h=X/4, respectively. The shape is 
[ generally the same with a decrease in magnitude. 
Fig. 4 (pp. 309-310) illustrates the mutual impedance 
between two antennas of half-lengths /,;=)/4 and 
[ l2=\/6 for the nonstaggered case (h = —1,= —h/4), and 
| for two staggered cases (1=0, and h=1,=)/4). Fig. 5 
(pp. 310-311) depicts corresponding results for the case 
[ | where the half-lengths are /;=/4 and J2=X/8. 


SPECIAL CASES . 
(a) (b) (c) Collinear Array 


Fig. 2--Two parallel antennas in (a) nonstaggered, (b) staggered, 


; F j 
and (c) collinear arrangement. A special case of echelon antennas is the arrangement © 


of Fig. 2(c) where d=0 in (10) and (11). This gives rise ~ 
impedance is referred to the loop currents. Fig. 3 (op- to an indeterminate form of « — «. By taking the limit 
posite) shows the mutual impedance between two \/2_ of the expression as d approaches zero, the mutual re-— 
dipoles (half-length J; =].=/4). Note that Fig. 3(a) for sistance and reactance are obtained as . 


; h-h+h 
Ri" 15 {cos B(h — l) ci (#0) — Ci (#1) + n=" + sin B(h — 1) [Si (wo) — Si(s:) | 
ae el 
Poctiod alia 
+ cos B(h + hh) | ci (v9) — Ci (v2) + In | + sin 6(h + lh) [Si (v0’) — Si (v2) ] 
1 
h-h+h 


+ cos B(h — 1, + 212) | -ci (u1) + Ci (w3) + In | + sin B(h — ly + 2l2)|—Si (ui) + Si (us) | 


h—-- 2h 
h+h+h 


aoa + sin B(h + lh + 2l2)[—Si (v2) + Si (v,)] 


+ cos B(h + ly + 2l2) | -ci (v2) + Ci(v4) + In 


+ 2 cos Bl; cos ph] ci (y1) + Ci (ye) + In | + 2 cos Bl, sin Bk| — Si (y1) + Si (y2)] 


h+l 
h-+ 2, 
h+l 


+ 2 cos Bl, cos B(h + 2i2) ci (y2) — Ci(ys) + In | + 2 cos Bl, sin B(h + 212) [Si (v2) — Si(ys) it (12) | 


and 


Xo = 15 {eos B(h — 11) [—Si (uo) + Si (#1) ] + sin B(h — hy) [ci (to) — Ci (a1) + in| 


+ cos (hk + h:)[—Si (oo’) + Si (02) ] + sin B(h + 11) | ci (oe) & Citas aba a4 | 


h+h+h 
aa i — Si i . : k= 2k 
+ cos B(h — ly + 2le)[Si(u1) — Si (us) | + sin B(A — ly + 2l2)} —Ci (a) + Ci (us) + In TTT 
k—-h+h 
+ cos BC+ b+ 21) [Si (0) ~ $i (o)] + sin (+h + 26) —Ci(m) + Ci (m) +n SAE] 
+thth 


+ 2 cos Bl, cos Bh[Si (41) — Si (y2)] + 2 cos Bl, sin ail —Ci (v1) + Ci (ye) + In au 7a 
h 


+ 2 cos Bl; cos B(h + 2]2)[—Si (ys) + Si(ys)] + 2 cos Bl; sin B(h + 21)| Cfo) — Ci(ys) + peehineeiss mls } Pane ik) 
h+ 2l, 
the nonstaggered case (or h=—d/4) is the plot nor- Eqs. (12) and (13) represent the mutual impedance 


mally seen in all standard references for two parallel for two collinear antennas of any arbitrary lengths J, and 
antennas. Figs. 3(b) and 3(c) show the deviation from J, providing h>J. Figs. 6-8 (p. 311) represent the mu- 
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Fig. 3(a)—Mutual impedance curves for two parallel half- 
wavelength antennas, nonstaggered. wavelength antennas staggered by h=/4. 


Fig. 3(c)—Mutual impedance curves for two parallel half- 
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R, X, Z, OHMS 


R,X,Z,OHMS 


Fig, 4(a)—Mutual impedance curves between two parallel antennas 
Fig. 3(b)—Mutual impedance curves for two parallel of eae d/2 and 4/3, nonstaggered (referred to the loop cur- 
rents). 


half-wavelength antennas staggered by h=0. 
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R, X, Z, OHMS 


Fig. 4(b)—Mutual impedance curves between two parallel antennas 
of lengths \/2 and 4/3, staggered by h=0 (referred to the loop 


currents). 


R, X, Z, OHMS 


Fig. 4(c)—Mutual impedance curves between two parallel antennas 
of lengths \/2 and 4/3, staggered by h=)/4 (referred to the loop 


currents). 
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R, X, Z, OHMS 
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Fig. 5(a)—Mutual impedance curves between two parallel antennas 
of lengths \/2 and /4, nonstaggered (referred to the loop cur- 


rents). 


R,X,Z, OHMS 


Fig. 5(b)—Mutual impedance curves between two parallel antennas 
of lengths 4/2 and 2/4, staggered by h=0 (referred to the loop 


currents). 


1957 King: Mutual Impedance of Unequal Length Antennas in Echelon 311 


R, X, Z, OHMS 
R, X,Z, OHMS 


Fig. 7—Mutual impedance curves between two antennas of 
lengths \/2 and )/3 in a collinear arrangement. 


Fig. 5(c)—Mutual impedance curves between two parallel antennas 
’ of lengths \/2 and /4, staggered by h=)/4 (referred to the loop 
currents). 


igs oS i tennas of 
i i tween two half-wave- Fig. 8—Mutual impedance curves between two ant 
us es i ollineer arrangement. lengths \/2 and )/4 in a collinear arrangemeitt. 
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tual impedances between an antenna with its half- 
length J;=/4, and antennas of half-lengths correspond- 
ing to /2=)/4, \/6, and X/8. 

The mutual resistance and reactance of two collinear 
d/2 dipoles (4: =l2=)/4) can be written from (12) and 
(13), respectively, as 


Ry = 15 {sin ah ci 28(h — 1) — 2 Ci 2B(h + hy) + Ci 2B(h + 3h) + In 


+ cos Bh[—Si 26(h — ly) + 2 Si 26(h + hh) — Si 26(h + 3n)]} 


and 
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Ri2= 30{ cos 281; [Ci (v4) + Ci (v0) —2 Ci (ur) 
—2 Ci (v1) +2 Ci (6d) | 
+-sin 261,[— Si (#0) Si (00) +2 Si (#1) —2 Si (m1) | 


Xv = 15 {sin Bh[ —Si 28(h — 11) + 2 Si 28(k + lh) — Si 26(% +131) ] 


+ cos pk] ci 28(h — ly) + 2 Ci26(h + 1) — Ci 26(h + 3h) + In 


Non-Staggered Arrays 


[See Fig. 2(a).] Referring to (10) and (11), if h= —h, 
then Ry and Xj. will reduce to the equations given by 
Cox for parallel antennas of unequal height which are 


~ Ry = 30{ cos B(d1 + Ie) [Ci (mo) + Ci (v0) — Ci (a1) 
— Ci (v1) — Ci (wi) — Ci (1) + 2 Ci (6d) 
+ cos B(l, — lz) [Ci (uo’) + Ci (v0’) — Ci (1) 
— Ci (v:) — Ci (w:) — Ci (yx) + 2 Ci (6a) | 
+ sin B(J1 + J2)[—Si (wo) + Si (v0) + Si (a) 
— Si (v1) — Si(w:) + Si (41) | 
+ sin B(l, — 12) [—Si (a#0’) + Si (v0’) + Si (141) 


— Si(v:) + Si(w:) — Si(m)]} (16) 
and 
io = 30{ cos B(Ly + 12) [—Si (49) — Si (vo) + Si (a1) 
+ Si (v1) + Si(w:) + Si (yx) — 2 Si (6d) ] 
+ cos B(I, — Ix) | —Si (ao’) — Si (v0’) + Si (a) 
+ Si (v1) + Si(w:) + Si(y1) — 2Si (6d) ] 
+ sin B(J, + lo) [—Ci (uo) + Ci (v0) + Ci(us) 
— Ci (v1) — Ci (wy) + Ci(y,) | 
+ sin B(J; — 12) | — Ci (uo’) + Ci (v0’) + Ci (1) 
— Ci (vs) + Ci (wi) — Ci(y)]}. (17) 


If the radiators are equal in length (4=/,) and with 
h=-—l,, then the mutual resistance and reactance for 
two parallel center-fed thin antennas simplify to 


+ [2 Ci (u:) —2 Ci (01) +4 Ci (6d) ]} (18) 
(h + h)? | 
h? + 2hh, — 31,? 
(14) 
(h + ly)? , 
kW? + 2hhy — ah ; oS 


and 
Xi2=30{ cos 26),[ — Si (w#0) — Si (v0) +2 Si (w:) 
+2 Si (v;)—2 Si (Bd) | 
+-sin 261, [ — Ci (a9) + Ci (vo) +2 Ci (us) —2 Ci (01) | 
+ [2 Si (w:)+2 Si (v1) —4 Si (6d) J}, (19) 


which are the formulas given by Brown. 


CONCLUSION 


The mutual impedance relations for collinear or 
echelon arrays with elements of arbitrary lengths were 
presented. The expressions are only approximate be- 


cause sinusoidal current distributions on both elements ~ 


were assumed. However, the information in this paper 
should be useful for practical antenna array design. 


APPENDIX 


A typical term of (6) reduces to 


loth sin a 
Ar=t30 f af sin B(z 
h 


Lal 


— h)dz 


nth gin BPTI 
330 i pin AM a eee B(z — h)dz. 
h 


Vd? “ite (1, — 3)? (20) 


By change in the variable of «=/,—2, and use of trig- 
onometric identity for the product of angles one obtains 


h—le—h 
A= is f [cos B(l, — h) cos B(./a? + x? — x) 
h—h 
— sin B(J, — h) sin B(./d? + x? — x) 
— cos B(J,; — h) cos B(\/d? + x? + x) 
— sin B(l,; — h) sin B(./d? + x? + x) 
dx 


Jere @ 
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A second change in the variables of mL COs v 
+ 1s f [—cos B(1, — h) dv 
vO v 
“= BO/d? + 2 — x) sin v 
— sin B(, — h) —— d 2 
OBE rete ee s (22) Bly ) | (23) 
oe where Uo, Vo, U1, and 2 are defined in (10) and (11). The | 
g integrals of (23) are recognized as cosine and sine in- 
tegrals, and it can be rewritten as 
., “1 COS 4 
a5 [—cos B(, — h) z du A= 15 {cos B\li— h) [Ci (40) + Ci (v9) — Ci (441) — Ci (0) | 
uo . . . . 
+sin B(1,— h) [— Si (#0) + Si (v0) + Si (ux) — Si (v1) ]}. (24) 
; sin u : : 
+ sin B(l, — h) au | Following this procedure, (10) and (11) were derived for 
u mutual resistance and reactance. 
Corrections 
The following correction to “Exterior Electromag- , 4 Cre 
_ netic Boundary Value Problems for Spheres and Cones,” ES Ginter?) Fe: Lelieree Pier) die 
_by L. L. Bailin and S. Silver, which appeared on pages . 
_ 5-16 in the January, 1956 issue of these TRANSACTIONS . ’ 
: 2 pat k ae "Ity 1 @ k s fy ® 
-has been called to the attention of the authors by Dr. Jarl hae bree ea 
Leopold Felsen. _ hy (Rr’) i auhee 
_ The expressions for the field produced by a slot ina _ and 3 
cone given in the above paper are incomplete. We over- To(r, 7’) = jor) hy, (Rr’) er 
looked the contribution made to the TE modes in the = jy kr’) My (kr) Fy 


external field by an excitation in the radial direction 
along the cone. It is necessary to add a term to our func- 
tion II*, given by (52) on page 12, that represents the 
contribution of the Ez component of excitation in the 
4 aperture. The complete expression is 


TI*(r, 8, $) 


= fey > 3 (2y;! + 1) P,-™(cos 8) 


‘ m 
m=0 i=1 v 


M yee? a 
ViVi + 1) sin? @ 
( ) ice 


(1 + dom) 
6=89 


—p -/ 
v=); 


Vv 


r2 o2 
{ff mpc wre, 7) sin m (o — garde 
ry 1 


re 2 

= ys’ (v;' + 1) sin af f for’, 6) 2(7, 7’) 
ry $1 

-cos m(¢’ — )dr'd¢’ | 


where fi(r’, ¢’) is the Ez component of the excitation in 
the aperture and f2(7’, ¢’) is the Ey component; and 
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A circumferential slot such as is shown on page 13 in 
Fig. 3(a) of the paper, in general generates both TM 
and TE type modes. The total field contains terms de- 
rived from the function II and the function II*. When 
the slot runs completely around the circumference and 
is excited uniformly (7.e., has no variation in @¢), the 
function II* reduces to zero and the field consists of 
only TM waves. A slot along a generator of the cone 
such as is shown in Fig. 3(b) gives rise to only TE waves 
and its field is obtained from the function II*; the results 
for such a slot remain as in the paper. 


James R. Wait, author of “The Transient Behavior 
of the Electromagnetic Ground Wave on a Spherical 
Earth,” which appeared on pages 198-202 of the April, 
1957 issue of these TRANSACTIONS, has brought the fol- 
lowing corrections to the attention of the editors. 

In (3), (2a)2X should be replaced by (27X)"?. 

In (12), a should be replaced by 2. 

In Fig. 3, the curve for 1500 mi. was misplotted; it 
should be essentially the same as the corresponding 
curve in Fig. 4. 
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Determination of HF Skywave Absorption* 
GERALD L. PUCILLOt 


Summary—A graphical method is employed as a means for 
facilitating the determination of hf skywave absorption for any given 
transmission path at any given time. 


7 HE EXISTING method for determining hf sky- 

Site absorption, employed by Laitinen and Hay- 

don,’ requires the use of several different charts 

and nomographs. This method is cumbersome and 

laborious, particularly when a large number of absorp- 
tion determinations are required. 

As a means of simplifying the procedure, a single com- 
bined graph, Fig. 1, opposite, has been devised. The graph 
not only facilitates the determination of absorption but 
also serves as a visual aid in the understanding of the 
parts played by the various parameters affecting the ab- 
sorption. Application of the graph is limited to those 
cases in which the maximum usable frequency (muf) 
and the ionospheric layer height are known. 

The graph is a solution of the following two equations 
used by Laitinen and Haydon: 


cos WY = sin J; sin LZ, + cos L; cos Le cos Q (1) 
and 
™(1 + b 
A = absorption (db) = gee) uid) 
(fiek fad4 
In (1) 


1=latitude of the ionosphere reflection point, 
L,=latitude of the sun’s subsolar point, 


* Manuscript received by the PGAP, November 5, 1956. 

¢ U.S. Navy Underwater Sound Lab., Fort Trumbull, New Lon- 
don, Conn. 

1P, O. Laitinen and G. W. Haydon, “Analysis and Prediction of 
Skywave Field Intensities in the High Frequency Band,” Radio 
Propagation Unit Tech. Rep. No. 9; August, 1950. 


Q=hour angle of the sun referred to the ionosphere 
reflection point, 

wW=solar zenith angle at the ionosphere reflection 
point. 


In(2), 


y=solar zenith angle at the ionosphere reflection 
point, 
a=constant = 0.881, 
b =constant = 0.0037, 
c=constant = 615.5, 
m=constant = 1.3, 
d=constant = 1.98, 
f =operating frequency (also called wave frequency), 
fu=gyro-frequency at a 100-km height, 
n =number of ionospheric reflections (n = 1 in graph), 
@=angle at a 100-km height between a perpendic- 
ular to the earth and the ray path, 
s=12 month running average sunspot number. 


The solar zenith angles were computed by using (1) 
and taking -subsolar points for the fifteenth and 
thirtieth days of each month from the declination of the 
sun given in the Nautical Almanac of 1955. 

The angle, ¢, at a 100-km height between a perpen- 
dicular to the earth and the ray path was computed 
from geometrical considerations. 

The procedure to be followed in using the graph is 
indicated in the upper right-hand corner of the graph. 

The absorption determinations resulting from the use 
of this graph differ, on the average, by 1.4 db from the 
values obtained by using the previous method cited. 
This average difference was determined as the result of 
differences arising from sixty comparison checks. 
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Microwave Antenna and Waveguide 
Techniques Before 1900—J. F. Ramsay, 
Canadian Marconi Company—Between the 
years 1888, when Hertz first launched elec- 
tromagnetic radiation in the radio spectrum, 
and 1900, when Marconi was successfully 
establishing communication by radio, the 
scientific investigators of the time turned 
their attention to microwaves. Later, when 
it was found that the longer waves were more 
suited to long-distance communication, in- 
terest in the microwaves waned. Between 
1888 and 1900, however, microwave devices 
and techniques had a rich development an- 
ticipating much of present-day practice. It 
is the object of the present paper to review 
the antennas and waveguides of the period 
with some reference to the associated micro- 
wave techniques then developed. 

Apart from Hertz’s dipole, with or with- 
out a plane reflector, the .principal micro- 
wave antennas evolved were the cylindrical 
parabola, the dielectric lens, the waveguide 
cavity radiator, the radiating iris, and the 
electromagnetic horn. 

Among the waveguides produced were 
the round, square, and rectangular forms, 
the open end being used as a radiator. The 
experimental development of these hollow 
pipe radiators appears to have anticipated 
Rayleigh’s theoretical paper on waveguides 
by a number of years, Lodge discovering the 
mode property experimentally in 1894. 

Many of the associated microwave com- 
ponents were of the “free-space” or quasi- 
optical type, rather than of the constrained 
or bounded type as common today, since the 
investigators between Hertz and Marconi 
were profoundly interested in the representa- 
tion of optical phenomena at microwave fre- 
quencies, Hertz himself being the founder 
of “microwave optics,” a classical subject 
being revived today. 

Thus we find the Hertzians making and 
using polarized mirrors, “cut-off” metal- 
plate gratings, quarter-wave and half-wave 
plates, artificial dielectrics, microwave ab- 
sorbers, prisms of wax, ice, or liquid filled, 
or of artificial dielectric, totally reflecting 
prisms, lenses of sulphur ebonite, wax, pitch, 
and so on, a wealth of microwave com- 
ponents only partly exploited today. 

In the field of systems, measuring ar- 
rangements preponderated and included 
microwave spectrometers, interferometers, 
diffraction gratings plane or curved, trans- 
mission test sets, recorders, polarimeters. 
With the polarimeter, J. C. Bose established 
microwave analog physics, with macroscopic 
models of molecules subjected to microwave 
radiation. Otherwise, representations of opti- 
cal phenomena were made with the enormous 
scale advantage arising from the use of 
microwaves. The properties of dielectrics, 
particularly anomalous dispersion, were ex- 
tensively studied and measured. 

All of this microwave work was carried 


out using spark discharge generators, often 
of considerable peak power, and with sur- 
prising accuracy. For detection many de- 
vices were investigated, the most popular 


' being the semiconducting coherer and the 


gaseous discharge tube. 

A New Technique for the Study of Mag- 
netic-Ionic Duct Propagation at Very Low 
Frequencies*—R. A. Helliwell and E. 
Gehrels, Radio Propagation Laboratory, 
Stanford University—An experiment has 
been performed to test the theory that sig- 
nals from vlf transmitters can be propagated 
along lines of the earth’s magnetic field in 
the manner of whistlers. The test was made 
using pulses of one-quarter second duration 
transmitted from station NSS at Annapolis 
on 15.5 kc. The signals were observed at 
Cape Horn, about 10,000 km from the 
transmitter but close to the transmitter’s 
magnetic conjugate point. The regular 
“sround-ionosphere” signal was received at 
all times. At night, about 50 per cent of 
the time, there was heard a long-delayed 
echo whose intensity ranged from 10 to 30 
db below the regular signal. The measured 
delay averaged about 0.65 second, closely 
in accord with whistler delays measured at 
15.5 ke at Stanford. Whistlers were usually 
observed at Cape Horn but were not always 
present when the NSS echo was detectable. 

These results support the theory that vlf 
signals can be propagated to distant points 
not only along the ground but also by way 
of the outer ionosphere in what might be 
called the magneto-ionic duct. This appears 
to be the first controlled test giving support 
of Storey’s theory of the path of whistlers 
and provides a new technique for the sys- 
tematic study of magneto-ionic duct propa- 
gation and the exploration of the outer 
ionosphere. Details of the results and corre- 
lations with whistlers and other phenomena 
will be described. 

We gratefully acknowledge the help and 
cooperation of Commander Neely and his 
staff of the Naval Communications Divi- 
sion, Chief of Naval Operations, in providing 
special pulse transmissions from NSS. We 
are indebted to General Canas, Colonel 
Stegmaier, and Dr. Lomnitz of the Chilean 
AGI Committee for assistance in setting up 
the receiving station at Cape Horn. 

Experimental Investigations of the Angu- 
lar Scattering and Multipath Delays for 
Transmissions Beyond the Horizon{—J. H. 
Chisholm, J. F. Roche, and W. J. Jones, 
Lincoln Laboratory, Massachusetts Institute 
of Technology—Previous experiments have 
shown that the potential bandwidth and the 
antenna performance of tropospheric com- 
munications systems depend upon the differ- 


* This work was supported in part by the Office of 
Naval Res. under Contract Nonr-225(27) and in part 
by a grant from the Natl. Science Foundation. 
whe t The research in this document was supported, 
jointly by the U. S. Army, Navy, and Air Force under 
contract with the Mass. Inst. Tech. 


ential multipath delays occasioned by com- 
ponents arriving over an angular spectrum. 
A series of experiments is described which 
utilized 0.25-microsecond pulses at 3670 
mc and narrow-beam antennas to measure 
the differential delay of pulses as a function 
of simultaneous angular movement of the 
antennas in azimuth and elevation over a 
188-mile path. Similar angular measure- 
ments, utilizing 2290-mc cw transmissions 
have been performed over 188- and 350-mile 
paths. 

In evaluating propagation data for the 
prediction of system performance, it is diffi- 
cult to isolate the effective gain realization 
from the frequency dependence. A series of 
experiments are described in which trans- 
missions were made over 188-mile and 350- 
mile paths at 417 mc and 2290 mc during 
the winter of 1956-1957. Various combina- 
tions of antenna apertures were utilized for 
the 2290-mc transmissions ranging from an- 
tenna gain products (G,G,) of 32 db to 86 
db, relative to isotropic antennas. Simul- 
taneous transmissions were performed over 
the 188-mile path at 417 and 2290 mec 
utilizing antennas of approximately equal 
beamwidths to investigate the degree of fre- 
quency dependence relative to free space. 
Results are given for gain realization for 
symmetrical and asymmetrical beamwidths 
for the transmitting and receiving antennas. 

The Radio Noise Environment Resulting 
from Extra-Terrestrial Sources—L. R. 
Hughes, Smyth Research Associates—A pre- 
liminary analysis of the statistics of the ex- 
tremely variable solar radio emissions is 
described. The results are given as a de- 
scription of part of the radio noise environ- 
ment in which high-sensitivity radio com- 
munications systems are expected to oper- 
ate. Data are presented which describe the 
probability and degree of solar radio inter- 
ference with the operation of an arbitrary 
receiving system. 

Since further investigations into the de- 
tail of extraterrestrial noise interference de- 
pend upon a more complete description of 
the variable solar emissions, the parameters 
of many of the equipments used to routinely 
record these emissions.are discussed as they 
relate to this problem. 

A Stable High-Q Parallel-Resonant Cir- 
cuit—J. C. Seddon, U. S. Naval Research 
Laboratory—A new piezoelectric crystal cir- 
cuit is described which has proven useful in 
radio receivers and oscillators. Over an ap- 
preciable range of frequencies it is equivalent 
to a parallel LC circuit of high Q and low 
L/C ratio. As it may be tuned with a 
parallel capacitor or inductor, the circuit 
may be used in stable oscillators tunable 
over a moderate range. The circuit has been 
used extensively in double-tuned trans- 
formers in intermediate frequency amplifiers 
up to 5 me. The response curve of a critically 
coupled 850-kc amplifier is shown where the 


a 
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bandwidth is 4 ke and the bandwidth factor 
is 4.9. The narrow bandwidth makes possible 
continuous unattended recordings of atmos- 
pheric noise uncontaminated by appreciable 
man-made signals. Reduced data are shown 
of atmospheric noise at WSPG, N.M., at a 
frequency of 4.27 mc illustrating the solar 
control of transmission at this frequency. A 
portion of a record taken in the auroral zone 
at 58°N shows the sudden, extreme varia- 
tions in noise characteristic of that region at 
night. 
The local oscillator in a 300-cycle band- 
width receiver was replaced by a sawtooth 
_ sweep oscillator in order to convert it to a 
spectrum analyzer. The output of the 
analyzer when connected to an antenna 
shows fsk, icw, and cw signals with a sweep 
of 3.6 kc/cm near 73 me. 
____ Electromagnetic Field Theory as Applied 
to Radio Interference Measurements—W. 
Jarva, Filtron Company, Inc.—Present 
-methods of making radiated radio interfer- 
' ence measurements in accordance with mili- 
tary specifications are subject to inaccuracies 
as great as 40 db. It has only recently been 
realized that practically all of the seemingly 
unpredictable variations in measurements 
_ are due to the test methods being incom- 
_ patible with certain types of field which can 
be emitted by practical interference sources. 
An exposition of the problem is provided in 
terms of electromagnetic field theory for 
distances small compared with a wavelength 
and suggestions are made for minimizing the 
effects of present sources of inaccuracy. 
The importance of the magnetic field in 
_ dealing with general radio interference prob- 
lems and with shielding problems in partic- 
' ular is becoming increasingly recognized. 
Procedures which are now being used to 
- calibrate loop antennas of commercial field 
_ intensity and radio interference meters do 
not provide means for making meaningful 
measurements in the induction field. A dis- 
- cussion is presented concerning the basis of 
the problem and a more desirable calibration 
system is suggested. 
, An All Transistor PDM Telemetry 
Coder—J.S. Sherwin, U.S. Naval Ordnance 
_ Test Station—Description of a transistor 
voltage-controlled delay multivibrator (dmv) 
and a “clamp” which prevents averaging of 
the input signal during the information 
pulse; for use in a 1/10 per cent sled borne 
pdm telemetry system. The dmv coder 
utilizes silicon transistors in a circuit which 
presents a 100-K ohm load to the voltage 
source, exhibits a linearity of better than 1 
per cent, can be calibrated to 1/10 per cent, 
and has negligible drift. The clamp is in 
essence a memory circuit which retains, 
throughout the time of the information 
pulse, a constant value of signal voltage as 
read at the incidence of a trigger pulse. The 
voltage at the memory is transferred to the 
coder by an emitter follower stage having an 
input impedance of approximately 10 M ohm 
in order to maintain the memory voltage 
within 1/10 per cent of initial value for the 
longest pulse width encountered. One ger- 
manium and three silicon transistors are 
used in the clamp. The pulse rate generator 
utilizes a germanium transistor in a blocking 
oscillator circuit. Pulse rate stability ; is 
1-2 per cent, and the entire system linearity 
can be calibrated to 1/10 per cent prior to 
use. 
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Digital Rate Synthesis—A Method for 
the Precise Measurement and Control of 
Frequency—T. J. Rey, Glen Burnie, Md.— 
Digital rate synthesis is a transformation of 
conventional frequency synthesis (beat 
methods) from the frequency to the time 
domain; pulse techniques take the place of 
filtering and mixing. 

The signal whose period is to be meas- 
ured or controlled is in the form of pulse 
train no. 1. A single reference source drives a 
rate generator, which consists of one or more 
dividing stages in fixed cascade; train no. 2 
from the generator is a sequence of nonuni- 
formly spaced pulses, the average repetition 
rate of which is known from the independ- 
ently controllable connections between the 
individual stages and the no. 2 bus. 

A rate difference detector compares the 
rate of no. 1 with the average rate of no. 2. 
The smoothed detector output has the 
proper sign and serves to indicate the magni- 
tude of the difference, or to reduce the 
difference in a closed loop. 

The range of direct operation is limited 
by pulse techniques, but can be extended 
with the aid of beat methods. In the ap- 
plication to frequency control, digital and 
conventional synthesis can be combined 
with phase-locking methods to stabilize an 
oscillator over a practically unlimited band 
of frequencies, with a precision and purity 
approaching that of the reference source. 

Data Reduction Equipment for a ‘‘For- 
ward Scatter” Link—D. Eadie, University 
of Florida—It is expected that a great deal 
can be learned about the mechanism of 
tropospheric scatter propagation from 
studies of the amplitude distribution of the 
rapidly fluctuating component of the signal 
level. The average signal or long time trend 
must be extracted first in order that the am- 
plitude distributions are centered on this 
average level. 

Equipment which will automatically ex- 
tract this long time trend of the average sig- 
nal level and at the same time determine the 
amplitude distribution of the rapidly fluc- 
tuating component has been put into opera- 
tion at Orange Hill on New Providence 
Island, Bahamas, by the University of 
Florida group studying this phenomena. 
Both continuous wave and pulsed signals 
can be analyzed. The distributions, which 
are obtained in real time and in cumulative 
form, are simultaneously printed on adding 
machine tape and punched on paper tape. 

A block diagram of the equipment is 
presented. Briefly, the average trend level 
is extracted by adjustment of an attenuator 
in the receiver. The setting of this attenua- 
tor is one of the data inputs to the print- 
out system. 

The distribution of the fluctuating com- 
ponent is determined by sampling the signal 
at thirty different_amplitude levels. If the 
signal amplitude exceeds each particular 
level, pulses are admitted to the accumulator 
for that particular level; consequently, 
thirty accumulators are required for the 
thirty levels. 

A distribution is obtained by analyzing 
one thousand samples of the signal level. 
A gate, located between the receiver and the 
amplitude level sorters, is opened by a 
“starting” pulse and closed by the output 
pulse from a one-thousand count preset 
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counter. The output pulse from this counter 
also starts the print-out cycle. The printer- 
punch records the following information: 
1) the time of day, 2) the attenuator setting, 
and 3) the data stored in the thirty levels 
of the accumulator. 

The level sorters are of special design. 
The accumulators, preset counter, etc., em- 
ploy dekatron glow tubes. The gate, linear 
amplifier, and switching control employ, in 
many cases, packaged circuits. The design 
has been a joint effort between the Baird 
Associates-Atomic Instrument Co. and the 
University of Florida. The bulk of the equip- 
ment has been built by Baird-Atomic. The 
printer-punch will be furnished by Clary 
Corporation. 

The equipment began limited operation 
in November, 1956. Further improvements 
are presently being made. Examples of data 
print-out are described. Punched informa- 
tion on the tape can be transferred to IBM 
cards for further analysis in the IBM 650 
computer located at Gainesville. 

Future plans call for the design and in- 
stallation of an automatic servosystem of 
novel design for setting the attenuator. This 
will release the operator of the necessity of 
manually adjusting the present remotely 
controlled attenuator unit. 

A Recent NRL Rocket Measurement of 
Ionospheric Electron Densities—J. A. Kane 
and J. E. Jackson, U. S. Naval Research 
Laboratory—Electron densities in the iono- 
sphere above White Sands, N. M., were 
measured continuously from the E region 
up to the lower Fy region with the Aerobee- 
Hi NRL-50. The results are in agreement 
with previous NRL flights, namely, the 
daytime ionosphere remains dense between 
the Zand F, regions, with only minor valleys 
in the electron-density profiles. 

The NRL rocket technique for obtaining 
the ionospheric electron densities provides 
eight externally independent profile meas- 
urements. These eight measurements arise 
from the fact that the Doppler frequencies 
for both polarization components of a con- 
tinuous wave are measured at two ground 
stations during both the ascent and descent 
of the rocket. 

Corrections due to the effects of a non- 
vertical propagation path have been cal- 
culated. In the altitude region between 160 
and 260 km, a comparison of the eight in- 
dependent electron profile measurements 
after these correction terms have been ap- 
plied reveals variations of a random nature 
of the order of 5 per cent. In the absence of 
any additional large systematic errors, the 
5 per cent random variation indicates the 
upper limit to which the experiment in the 
region above'160 km could be affected by 
ionospheric irregularities. 

Electron Distribution in a New Model of 
the Ionosphere—H. K. Kallmann, Instztute 
of Geophysics, University of California at Los 
Angeles—A theoretical analysis of the forma- 
tion of the ionosphere has been made which 
has led to a new model of the ionized regions 
between 90 and 300 km above the earth’s 
surface. The study is based primarily on a 
new model of pressure, density, and tem- 
perature distributions,* derived from rocket 


* H. K. Kallmann, W. D. White, and H. E. New- 
all, J. Geophys. Res., vol. 61, p. 513; 1956. 
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observations, as well as on the Chapman 
theory of ionized layer formation. Some of 
the simplifying assumptions, usually made 
in evaluating this theory have been elimi- 
nated. Asa result, a picture of the ionosphere 
has been obtained which agrees rather well 
with the experimental results obtained by 
means of rockets.* These results show that 
the ionosphere does not consist of ionized 
layers but rather of continuously densely 
ionized regions, except for the bottom of the 
£ region. Furthermore they show that the 
true height of reflection of radio waves is 
considerably lower than the apparent height. 
the difference being as much as 340 km in 
the Fy region. The calculations were carried 
out on the high-speed digital computer at 
the Rand Corporation. 

Differential Absorption in the D and 
Lower-E Regions—J. C. Seddon, U. S. 
Naval Research Laboratory—The measur- 
ment of the absorption of radio waves in the 
ionosphere with the aid of rockets has proven 
to be surprisingly difficult. However, a new 
method has been devised for measuring 
differential absorption of a wave transmitted 
from the rocket to a ground station. This 
method involves the measurement of the 
amplitude of the signals received on two 
crossed dipoles as the rocket rolls about its 
long axis. A maximum signal on one antenna 
with a simultaneous minimum on the other 
provides the values of the sum and differ- 
ences of the two magneto-ionic components 
from which the ratio of the extraordinary 
component to the ordinary component may 
be calculated, and from this the differential 
absorption 7,,— 7». Measurements of these 
quantities were made at 7.75 mc on June 29, 
1956, at 12:09 MST using an Aerobee-Hi 
Rocket. No appreciable differential absorp- 
tion was noted until an altitude of 88 km 
was attained. The differential absorption 
then increased slowly to 94 km, where it 
then increased rapidly to a value of one half 
per kilometer at 96 km. The appearance of 
the previously-reported additional com- 
ponents with approximately unity index of 
refraction prevented measurements at higher 
altitudes. 

As a high frequency of 46.5 mc is also 
transmitted from the same antenna, the 
measurement of the relative rotation of the 
plane of polarization of the 7.75-mc signal 
provides a means of measuring electron 
densities as low as 1000 el/cc. The electron 
density first became noticeable at 75 km, 
and showed a very sharp increase at 86.5 
km. The results then obtained at higher 
altitudes agree with those obtained by the 
usual NRL method where the beat fre- 
quencies are large enough to be measured. 

The Effect of Various Radiations on the 
E Layer of the Ionosphere j—R. E. Houston, 
Jr., Ionosphere Research Laboratory, The 
Pennsylvania State University—In the course 
of recent rocket flights, experimental values 
for the intensity of incoming radiations in 
the far ultraviolet and X-ray regions have 
been obtained. During this same interval, 
experimental values of absorption cross sec- 
tions for radiations in the same wavelength 


* J. S. Seddon, A. D. Pickar, and J. E. Jackson, 
J. Geophys. Res., vol. 59, p. 513; 1954. 

t The research reported in this paper has been 
sponsored by the Geophys. Res. Dir. of the AF Cam- 
bridge Res. Center, Air Res. and Dey. Command, un- 
der Contract AF19(604)-1304. 
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regions have become available. Utilizing 
these values, the contribution to the electron 
density of the ionosphere due to Lyman 
alpha, Lyman beta, and X rays is calculated. 
The resulting electron distribution is com- 
pared with rocket, 75 kc and 150 ke pulsed, 
vertical incidence radio wave, and other 
radio propagation results. 

Measurement and Interpretation of 
Tidal Effects in the Equatorial Ionosphere— 
G. J. Gassmann, Ionospheric Physics Labora- 
tory, Geophysics Research Directorate, Air 
Force Cambridge Research Center—Sequences 
of ionospheric records taken on individual 
days simultaneously by several equatorial 
stations and by airborne equipment are 
analyzed with respect to layer heights, ion 
densities, and other features. The obtained 
ionospheric cross sections show the pro- 
nounced effect of the solar air tide. The in- 
terpretation of the measurements indicates 
that the solar tidal current system varies 
considerably from day to day in strength and 
location and reveals that the usual statistical 
treatment of ionospheric and magnetic data 
will obscure or diminish these effects. 

Inclusion of the Earth’s Magnetic Field 
in a Simple and Rapid Method for Reducing 
h’-f Curves to Electron-Density-Height Pro- 
files*—E. R. Schmerling, Jonosphere Re- 
search Laboratory, The Pennsylvania State 
University—The simplest technique for re- 
ducing h’-f curves to electron-density-height 
profiles, without making assumptions about 
profile shape, is due to Kelso.t In his 
method the magnetic field is neglected, and 
the h’-f curve is sampled at fixed multiples 
of the frequency f, at which the true height 
is desired, this height being obtained simply 
by taking the average of the sampled h’ 
values. If the field is included, Kelso’s 
method of deducing sampling points breaks 
down. In a method due to Budden,t 
true heights can be derived, including the 
magnetic field, by a matrix multiplication, in 
which the matrix coefficients are all differ- 
ent. A method is described for deducing 
sampling frequencies from the coefficients of 
the Budden matrix, such that the simplicity 
of Kelso’s approach is retained. Different 
ratios of f, are required for different mag- 
netic latitudes, and the ratios change slowly 
with f,. The variation is slow enough for the 
h’-f curve to be divided into about 3 parts, 
in each of which the true reflection height is 
given by sampling at fixed ratios of f», and 
taking the average of the h’ values. Once 
the sampling ratios are found, the reduction 
of h’-f curves proceeds simply and rapidly 
without further computing aids. 

On the Measurement of Virtual Height! 
—I. Kay, New York University, Institute 
of Mathematical Sciences—A time dependent 
definition of the virtual height of a reflected 
wave train is suggested. This definition is 
such that its accuracy increases as the width 
of the incident pulse increases. Moreover, it 
is theoretically possible to obtain an esti- 


* The research reported in this paper has been 
sponsored by the Geophys. Res. Dir. of the AF Cam- 
bridge Res. Center, Air Res, and Dev. Command, 
under Contract AF19(604)-1304. 

a) J. M. Kelso, J. Geophys. Res., vol. 57, p. 357; 
{ K. G. Budden, “The Physics of the Ionosphere,” 
Report on Phys, Soc, Conference, p. 332; 1955. 

1 The research reported in this article has been 
sponsored by the AF Cambridge Res. Center, Air 
Res, and Dev. Command, under Contract No. AF 
19(604)-1717. 
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mate of the virtual height with as small an 
error as desired to matter what the nature of 
the reflecting medium. 
Suppose an incident pulse having width | 
W and a carrier frequency «wo produces a re- 
flected wave which, when measured at a 
fixed point x =0 in space, is R(wo, W, t). The 
suggested definition of the virtual height 
h’ (wo) is j 


yf t| R(wo, W, #|%dt 
h'(wo) = ¢ lim =——————__ 


Ta i | R(wo, W, t|?d¢ 
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where c is the free space velocity of light. 
This relation for h’(wo) holds for any physi- 
cally reasonable incident wave train and is 
independent of its envelope shape. | 

An example is given of a reflected wave | 
whose virtual height cannot be determined 
by inspection in the usual manner. The ex- 
pression given here for the virtual height 
provides the correct result. 

Some Solar Observations with the 
Cornell Narrow-Band Radio Polarimeter— 
M. H. Cohen and E. R. Schiffmacher, 
Cornell University—A correlation type 
radio polarimeter has been constructed at 
the Cornell Radio Observatory. The center 
frequency is 201.5 mc; bandwidth, 9 kc; an- 
tenna, a 17-foot paraboloid with crossed di- 
poles diplexed to give simultaneous right and 
left circular components. The instrument 
has been in partial operation since Decem- 
ber 15, 1956, and observations have been 
made of the sun on both quiet and active 
days. This instrument has a substantially 
narrower bandwidth than the polarimeter 
used by Hatanaka et al.* (100 kc at 200 me), 
and the polarization measuring interferom- 
eter used by Payne-Scott and Littlef (150 ke 
at 97 mc), but to date no significant band- 
width effects have been observed. In partic- 
ular, many unpolarized bursts have been 
seen, some of them in time association with — 
small flares. Several outstanding events with 
polarizations changing rapidly with time 
have been recorded. 

A Further Analysis of a Solar-Terrestrial 
Correlation—K. Toman—In a previous 
paper{ the distribution in time of a 180-pair 
correlation coefficient of daily values of the 
final Zurich sunspot member Z and the 
planetary K-index, 2 Kp, was reported. 

With this paper, the r distribution has 
been completed and extended to cover the 
period from 1940 to 1954. Correlation inter- 
vals were successively advanced by ten days. 

For the same period and with ten-day 
separations, correlograms were successively 
obtained lagging the data of Z and 2 K, with 
respect to each other so as to include more 
than one solar rotation. Time displacements 
and magnitudes of optimum correlation co- 
efficients are interpreted. The solar rota- 
tional period is analyzed and the correlo- 
gram technique is evaluated. Positive and 
negative correlation coefficients are dis- 
cussed in terms of the longitudinal distribu- 
tion of sunspots and M regions. 


* Hatanaka, Suzuki, and Tsuchiya, Proc. Japan 
Acad., vol. 31, p. 81; 1955. 

t Payne-Scott and Little, Aust. J. Sci. Res., vol. 4, 
p. 508; 1951, 

tK. Toman, “A Solar-Terrestrial Correlation,” 
presented at the URSI Meeting, Berkeley, Calif.; 
October 11-12, 1956. 
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Fluctuations in the Apparent Amplitude 
and Position of Extra-Terrestrial Radio 
Sources, as Observed near the Auroral 
Zone*—J. M. Lansinger, C. G. Little, R. P. 


_ Merritt, and E. Stiltner, Geophysical Insti- 


tute of the University of Alaska—Continuous- 
‘tracking phase-switch interferometer sys- 
tems have been set up on 223 mc and 456 
mec at the Geophysical Institute of the 
University of Alaska, College, Alaska, to 
observe the fluctuations in amplitude and 
position of localized extraterrestrial radio 
The equipment 
parameters and experimental procedures 


: 4 are described and examples of the records 


_ obtained are presented. Analysis of the first 


_ data shows that the amplitude variations 
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are typically less than +2 db at 223 mc and 
+1 db at 456 mc. The extreme variations 
observed during the strongest scintillations 
in amplitude range from +5 db to —14 db 


_ (223 mc) and +2 db to —4 db (456 mc). Al- 


though the irregular angular deviations are 


typically less than the minimum detectable 
value (approximately 0.25 minutes of arc), 
irregular deviations of as much as 3.5 


minutes of arc at 456 mc have been ob- 


served. These preliminary observations are 


in general agreement with the expected »? 
dependence of ionospheric refraction. 
X-Ray Flares and Sudden Ionospheric 
Disturbances—T. A. Chubb, H. Friedman, 
and J. E. Kupperian, Jr., U.S. Naval Re- 


_ search Laboratory—When the sun is quiet, 


D region is ionized by the hydrogen Lyman 
Alpha line (1215.7A). During a solar flare, 
the D-region ionization is increased with re- 
sulting SID. It has been proposed that Ly- 


“man Alpha is also responsible for the in- 
creased ionization produced by the flare. 
~ However, sudden phase anomalies and mag- 


netic crochets cannot be explained satisfac- 
torily by Lyman Alpha alone. An X-ray 
flare offers a better explanation of these phe- 
nomena. 

During the summer of 1956 a rocket was 
launched during a Class I flare and both 
Lyman a and X rays were measured simul- 


‘taneously. Ten minutes after start of the 


flare Lyman Alpha had returned to normal, 
but a strong X-ray flux was still present in 
D region with a short wavelength limit be- 
tween 3A and 4A. 

Antenna Resolution as Limited by Atmos- 
pheric Turbulence—C. M. Angulo, Brown 
University, and J. P. Ruina, University of 
Illinois—Spatial variations of the index of 
refraction of the atmosphere introduce fluc- 
tuations in the phase and amplitude of a 
wave propagating through it. The effect of 
these fluctuations on the resolution capabil- 
ity of microwave antennas is discussed in 
this paper. The measure of resolution used 
in the calculations is the beamwidth which 
is defined as the square root of the second 
moment about the mean of the normalized 
antenna pattern. This measure simplifies the 
calculations greatly and results in a simple 
expression for the beam broadening due to 


- the variation of the refractive index. This 


broadening is dependent on the distance to 
the target, the scale of the turbulence, and 
the variance of the refractive index, and is 
relatively insensitive to the shape of the 


* This work was sponsored by the Rome Air Dev. 
Center, Air Res. and Dev. Command, under Contract 
No. AF 30(635)-82887. 
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spatial correlation function of the refractive 
index. Measurements by others of the na- 
ture of the refractive index spatial variation 
are then used to obtain numerical estimates 
of the ultimate resolution capability of a 
microwave antenna as limited by atmos- 
pheric turbulence. 

On Multiple Scattering of Waves by 
Plane Bounded Volume Distributions—V. 
Twersky, Sylvania Electronic Defense Lab- 
oratory—This paper gives an approximate 
theoretical treatment for a plane wave ex- 
citing a “uniformly random” distribution of 
fairly arbitrary scatterers in a volume of 
space bounded by two parallel planes. 
Coherent multiple scattering is taken into 
account to obtain simple approximations of 
the coherent transmitted, reflected, and in- 
ternal fields; these forms also hold approxi- 
mately for a “one mode” treatment of a 
periodic array of close spaced scatterers, pro- 
vided the scattering parameters of the iso- 
lated elements are stripped of radiative loss 
terms. Corresponding approximations are 
obtained for the “differential scattering cross 
section per unit volume” (7.e., the incoherent 
scattering), and for the “differential scatter- 
ing cross section per unit area of face plane.” 
The parameters of the final results are the 
average number of scatterers in unit volume, 
the thickness of the “equivalent slab,” the 
angle of incidence, the presumably known 
scattering amplitudes of the isolated ele- 
ments, etc. This work generalizes an earlier 
treatment* by using a simplification of the 
formalism of Foldy{ and Lax.t 

A New Approach to Diffraction of High- 
Frequency Waves by Ellipsoids of Revolu- 
tion—N. A. Logan, Antenna Laboratory, 
Air Force Cambridge Research Center—The 
cartesian components of the electromagnetic 
field in a rotationally symmetric coordinate 
system with an element of arc length 


ds? = hy2du? + fio2dv? + p2dg? 


are expanded in a Fourier series with respect 
to the angle ¢. 

The Fourier coefficients are expanded in 
terms of an infinite series of solutions of the 
scalar wave equation in which coefficients 
are determined by the boundary conditions 
on the surface of a diffracting obstacle and 
the radiation condition at infinity. The 
formidable problem presented by rigorous 
determination of these coefficients can be 
avoided by using certain physical concepts 
together with the present formulation to ex- 
tract a solution that is valid for high fre- 
quencies. For points not too close to the 
polar axis the solution is expressed in terms 
of the solutions of the scalar wave equation 
satisfying the conditions 


0 
u=0 and — (pu) =0 
on 


on the surface of the obstacle. The caustic 
near the polar axis is examined and the solu- 
tion then extended to include points near 
the axis. The application of this approximate 
method of solution to the case of spheres 


* V. Twersky, “Multiple Scattering of Waves by a 
Volume Distribution of Parallel Cylinders,” Inst. of 
Math. Sciences, New York Univ. Res. Rep. No. EM- 
59; October, 1953. : : 

+L. L. Foldy, “The multiple scattering of waves,” 
Phys. Rev., vol. 67, pp. 107-119; February, 1945, 

tM. Lax, “Multiple scattering of waves,” Rev, 
Mod. Phys., vol, 23, pp, 287-310; 1951. 
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with ka=10 and ka=20 leads to results in 
close agreement with the exact solution. 

Effects of Satellite Spin on Ground- 
Received Signals*—J. T. Bolljahn, Stanford 
Research Institute—The man-made satellites 
to be launched during the International 
Geophysical Year will each be equipped 
with an antenna in the form of a crossed di- 
pole pair driven in phase quadrature. A spin 
at a rate of the order of 3 cps is to be im- 
parted to the satellite prior to separation 
from the launching vehicle. Because of the 
dissymmetry of the forces applied to sepa- 
rate the satellite from the final rocket stage, 
it is expected that the spin axis will not re- 
main aligned with the axis of symmetry of 
the antenna. 

This paper describes the nature of the 
signal received in ground antennas having 
various polarization characteristics from the 
spinning satellite for arbitrary angles be- 
tween the satellite spin axis and its axis of 
symmetry and for arbitrary observation 
angles. It is found that, in general, three sig- 
nal components are received consisting of 
the original carrier frequency plus an upper 
and a lower sideband spaced from the car- 
rier by the spin frequency. In experiments 
which require counting rf cycles in the re- 
ceived composite signal, spin errors will be 
produced for some combinations of ground 
antenna polarization, spin axis orientation, 
and observation angle. 

An Analytical Study of Scattering by 
Thin Dielectric Ringst—L. L. Philipson, 
Hughes Aircraft Company—An analysis of 
the scattering effect of a thin dielectric ring 
on an electromagnetic field is developed in a 
rigorous manner under two assumptions: 
the incident field is the free space field of the 
source, and the scattered field tends asymp- 
totically to zero as the radial thickness of 
the ring approaches zero. When an integral 
equation of Barrar and Dolph,t derived 
directly from Maxwell’s equations, is em- 
ployed, a formal expansion of the field in 
powers of the thickness is obtained, and then 
it is proved that the linear approximation 
obtained from it is indeed asymptotically 
equal to the total field. The sufficiency of 
this approximation is justified by experi- 
mental evidence. The far-zone pattern func- 
tion of the ring is next obtained, and the re- 
sulting formulas are applied to the situation 
where the incident field is generated by a 
dipole antenna coaxial with the ring for 
which experimental comparisons are pos- 
sible. 

Perturbation Method for Calculating 
Diffraction by an Almost Ideal Obstacle— 
C. B. Shaw, Jr., Hughes Aircraft Company— 
A perturbation method has been developed 
for treating the diffraction problem of an 
arbitrary electromagnetic field incident from 
an exterior region on a dielectric medium, 
which is assumed to constitute an “almost 
ideal” obstacle. An “ideal” obstacle is one 
for which the diffraction problem can be 
solved; “almost ideal” implies that the 


* The work reported herein was sponsored by the 
Ballistic Res. Lab., U. S. Army Ordnance, under Con- 
tract DA 04-200-ORD-273. 

+ Extracted from Tech. Memo. No. 416, Res. Lab., 
Hughes Aircraft Co.; January 3, 1956. i 

t R. B. Barrar and C.L. Dolph, “On a three-dimen- 
sional transmission problem of electromagnetic the- 
ory,” J. Rational Mechanics and Analysis, vol. 3, pp. 
725-743; Noyember, 1954, 
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actual (perturbed) obstacle produces a dif- 
fracted field not differing too greatly from 
that of the ideal. Comparison of integral 
equations for the total fields in the ideal and 
almost ideal cases establishes a series ex- 
pansion of the perturbed field, each term of 
which has a straightforward physical in- 
terpretation. When the almost ideal obstacle 
differs from the ideal only by the presence 
of a cavity of dimensions small in terms of 
wavelength, the first-order perturbation 
formula can be given a quite simple form, 
particularly useful when the ideal diffraction 
problem has been solved for plane waves 
incident at certain angles. Discussion will 
cover the detail in which the solution of the 
ideal problem must be known in order to 
apply the perturbation method, and an ex- 
ample of its use in studying transmission of 
a plane wave through a plane dielectric sheet 
containing a small cavity. 

An Analysis of the Time and Space Scale 
Problems in Radio Meteorology—A. Engel- 
man and L. Colin, Rome Air Development 
Center—The problems of where and howoften 
to sample the atmosphere in order to deter- 
mine optimum time and space instrumenta- 
tion scales is attacked. For the determina- 
tion of the refraction at an initial elevation 
angle of 13°, three rawinsonde sites were in- 
stalled over a forty-mile range from Syracuse 
to Rome, N. Y. In addition, teletype infor- 
mation for several other northeastern United 
States sites was used in the analysis. The 
data is reduced into index of refraction as a 
function of height profiles and then inte- 
grated by planimeter. Comparisons between 
a simply defined index profile and one de- 
rived properly by isoplething in the X-Z di- 
rection is discussed. Use is also made of ana~ 
log computation of the refraction correction. 

It is concluded from this investigation, 
that if one eliminates the large scale differ- 
ences in surface values of the refractive in- 
dex, the space scale factor is at least greater 
than forty miles. With a similar restriction 
the time scale factor is about six hours. Re- 
moving the ground measurement qualifica- 
tion a time delay of about three hours may 
be used as the scale. 

A 216-Mile 2700-MC Scatter Link— 
L. H. Doherty, National Research Council 
(Canada)—An experimental 2700-mc radio 
link was in operation between Ottawa and 
Toronto for the period April, 1955, to De- 
cember, 1956. Yearly median level was 80 
dbm. Monthly median signal during the best 
summer month was about 12 db above the 
median for the poorest winter month. The 
signal was usually Rayleigh distributed, but 
departures from this distribution were ob- 
served at all median levels. Average fading 
rate was approximately 1 cps with extremes 
at one fifth and five times this frequency. 

Measurements made with antennas of 
apertures of 4, 8, 12, 16, and 20 feet show an 
increase in aperture to medium coupling loss 
with increasing size. It is also observed that 
fading rate decreases with increasing an- 
tenna size. 

A Statistical Model for Forward Scatter- 
ing of Waves Off a Rough Surface*—L. M. 
Spetner, The Johns Hopkins University— 
Using methods of physical optics, a statisti- 
cal description of the scattering of waves off 
a rough surface is obtained. The rough sur- 


* This work was supported by the Bureau of Ord- 
nance, U. S. Navy, Contract NOrd 7386. 
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face is assumed to consist of a large number 
of independent point scatterers which fluc- 
tuate randomly in vertical position and also 
disappear and appear at random. The sur- 
face is divided into cells so that no more than 
one scatterer can occupy a cell, and the 
events in any two different cells are inde- 
pendent of each other. The average scattered 
signal, the mean square fluctuation, and the 
time covariance of the fluctuating portion of 
the signal are computed in terms of the 
mean square scatterer height, the grazing 
angle, the radiation wavelength, the decay 
time for disappearance of scatterers, the 
time autocorrelation of a scatterer height, 
and the a priori probability of finding a given 
cell occupied by a scatterer. 

High Altitude VHF Tropospheric Field 
Strengths Measured to Great Distances 
Beyond the Radio Horizon—L. A. Ames, 
N.L. Conger, J. W. Frazier, E.J. Martin, and 
T. F. Rogers, Air Force Cambridge Research 
Center—The overwater airborne measure- 
ment of 220-mc field strengths is continuing 
at the Air Force Cambridge Research Cen- 
ter. Improvements in equipment have per- 
mitted these field strengths to be recorded 
beyond 600 statute miles. Also, the employ- 
ment of a B-29 aircraft enabled measure- 
ments to be obtained at altitudes very near 
the tropopause in the winter of 1955-1956. 

- Data have now been gathered for heights 
between 500 and 30,000 feet. Certain con- 
clusions may be drawn relative to the gen- 
eral behavior of signal level as a function of 
both distance and height over a smooth 
earth. In particular, a simple picture is 
drawn of the height-gain function for great 
heights. Simultaneous flights were made at 
3000 and 30,000 feet verifying this picture. 

Investigation of Long-Distance Over- 
water Tropospheric Propagation at 400 MC* 
—H. E. Dinger and W. E. Garner, U. S. 
Naval Research Laboratory; D. H. Hamilton, 
Jr. and A. E. Teachman, M.JI.T., Lincoln 
Laboratory—The Naval Research Labora- 
tory in cooperation with the M.I.T. Lincoln 
Laboratory conducted an investigation of 
overwater tropospheric propagation under 
both summer and winter conditions. The 
transmissions were from the M.I.T, Round 
Hill Field Station near New Bedford, Mass., 
to a vessel traveling along great circle 
courses extending to a maximum distance of 
630 nautical miles (724 statute miles) from 
the transmitter. 

During July, 1955, a 10-kw, 385.5-mc 
transmitter was used with a 28-foot para- 
boloid antenna. In January, 1956, the same 
transmitter was used, supplemented by a 
40-kw transmitter feeding a 60-foot para- 
boloid for use at the greater distances. The 
frequency used for the winter period was 
412.85 mc. Aboard ship the receiving an- 
tenna consisted of a 17-foot paraboloid, 
directionally controlled from the ship’s gyro. 
Horizontal polarization was used through- 
out. 

The data obtained are presented to show 
1) the median signal level vs distance for the 
powers used, and 2) the median path loss vs 
distance for the case of antennas which were 
approximately 100 feet above the earth’s 
surface. The data appear to show that the 
attenuation rate was variable with distance. 


* Part of the research in this document was sup- 
ported jointly by the U. S. Army, Navy, and Air 
Force under contract with the Mass. Inst. Tech. 
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The signals were also analyzed with respect 
to fading characteristics in an attempt to 
predict the median level to be expected in 
the absence of superrefraction. For this pur- 
pose, signals with a short-time fading char- 
acteristic, which was well represented by a 
Rayleigh distribution, were used. Fast- 
fading Rayleigh-type signals prevailed a 
higher percentage of the time during the 
winter than during the summer, and in 
general, were accompanied by windy 
weather. Meteor bursts were observed and 
recorded at 600 statute miles from the trans- 
mitter. 

Flight Measurements of Transmission 
Loss at 38.5 MC—I. H. Gerks, Collins 
Radio Company—Measurements have been 
made of field strength as a function of dis- 
tance at 38.5 mc over a distance range of 0 
to about 1100 miles. The transmitter is rated 
at 20-kw carrier level or peak envelope 
power. Radiation is either cw or SSB modu- 
lation. The transmitting antenna is a 4V 
antenna with a gain of 19 db over a dipole. 
The receiver is specially designed for SSB 
and cw reception. The bandwidth is either 
4 kc or 70 cps. The receiving antenna isa V 
mounted on a Beechcraft airplane in such a 
manner as to give a favorable directional 
pattern. 

Enough flights have been made to obtain 
a fairly reliable sampling of the field strength 
over the entire distance range. It was found 
that F-layer propagation caused severe con- 
tamination of the scatter signal quite regu- 
larly during daylight hours. Later results 
were obtained at night. Most flights have 
been made at 5000-feet elevation. Results 
are also reported on SSB voice quality, 
height gain in the ionospheric scatter region, 
and cross-course field distribution. 

An Experimental Investigation of Iono- 
spheric Forward Scattering at HF—D. A. 
Hedlund and L. C. Edwards, Raytheon 
Manufacturing Company—The results of 
cw field strength measurements in the 20-30 
me band over a 1350-km East-West path 
are presented. Measurements have been 
made almost continuously since September, 
1956, up to the present time. Operation in 
this frequency band during a peak period of 
the sunspot cycle has allowed comparison of 
ionospheric scatter and normal E and Fy 
layer transmission. Long term variations in 
received signal level and short term fading 
characteristics are described. 

Two-way pulse tests have been con- 
ducted over the same path in an attempt to 
locate the scattering region more accurately. 
Measurements made over several 24-hour 
periods indicate no significant diurnal varia- 
tion in transmission “time of the scatter 
mode. Interpretation of these transmission 
time measurements in terms of midpoint 
scattering leads to heights approaching 100 
km; however, if scattering from points off 
the great circle path, such as might be pro- 
duced by meteors, is considered, lower 
heights are indicated. A comparison of these 
two possibilities for the system in use is 
presented. 

On the Reception of HF Waves Above 
the Classical MUF*—M. Balser, M.I.T. 
Lincoln Laboratory—Several observers have 
noted that when an (h’, f) curve is recorded 


xs * The research in this document was supported 
jointly by the U. S, Army, Navy, and Air Force 
under contract with the Mass. Inst. Tech. 
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using a remote swept-frequency transmitter, 
a “nose” appears on the curve, extending 
beyond the muf expected from the meeting 
of high and low rays or determined from a 
midpath vertical sounding. It is tentatively 
proposed that this phenomenon can be ex- 
plained simply on the basis of geometrical 
optics. It is well known that random varia- 
tions in the index of refraction cause random 
departures from the mean ray paths deter- 
mined by the smooth medium, and that 
inhomogeneities in the electron density of 
the ionosphere cause such variations. The 


order of magnitude of the departure from 


the mean path can be estimated from angle 
of arrival experiments as a couple of degrees. 


_ Departures of this amount from the mean 


path of a skip ray could produce reception at 
points within the skip distance for which the 
classical muf may be of the order of a mega- 
cycle lower. 

The Reflection-Scatter MUF—E. Warren 
and L. Hagg—lIn the past few years the De- 
fense Research Telecommunications Estab- 
lishment has carried out preliminary meas- 
urements using oblique incidence ionospheric 


- sounders. 


It has been found that the highest prac- 


- tical frequency for high-frequency sky-wave 


propagation is that above which the mecha- 


nism of propagation by reflection plus scat- 


ter becomes inefficient. This frequency is, on 
the average, more than fifteen per cent 
higher than that predicted by the transmis- 
sion slider method. An empirical scaling 


_ method has been devised and a theoretical 
_ explanation is presented. 


A Fading Origin Experiment for Radio 
Waves Reflected from the Ionosphere*— 


_T. N. Gautier, R. S. Lawrence, W. F. 
 Utlaut, and B. Wieder, National Bureau of 


Standards—The fading of radio wave pulses 


transmitted via one-hop reflection from the 


ionosphere between a transmitter and a re- 


ceiver located 6 km apart has been corre- 


lated with the fading of pulses at the same 


radio frequency transmitted by vertical in- 


cidence reflection between a second trans- 


- mitter and receiver located at the midpoint 


of the 6-km path. It is argued that if scatter- 


_ ing is introduced mainly at or near the level 
of reflection, the diffraction pattern around 


the first receiver in the waves from the first 


transmitter should be nearly identical with 


the diffraction pattern around the second re- 


ceiver in the waves from the second trans- 
mitter. Thus, the fading of the pulses 


transmitted over the slightly oblique path 


should be well correlated with the fading 


of the pulses transmitted over the vertical 
incidence path. On the other hand, a lack of 
correlation would strongly imply that the 
scattering was taking place well below the 
level of reflection. 

Beginning in October, 1956, a number of 
pairs of fading records have been made at 
frequencies between 2.5 mc and 6 me, during 
daytime and at night. During daytime, fre- 
quencies below about 3.5 mc were reflected 
from the E layer, while higher frequencies 
were reflected from the F layer. At night all 


* The work was supported in part by the Western 
Development Division, USAF. References: R. M. 
Gallet and R. A. Helliwell, “A theory of the produc- 
tion of vif noise (so-called dawn chorus) by traveling 
wave amplification in the exosphere of the earth, 
VLF Symposium, February, 1957; and J. Geophys. 
Res. R. M. Gallet and D. L. Jones, “A systematic 
classification of natural vlf noises other than whistlers. 
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frequencies in this range were usually re- 
flected from the F layer, although occasion- 
ally the lower frequencies were reflected by 
sporadic £. In a large majority of the cases 
of H-layer reflection the fading was well- 
correlated. In all cases of F-layer reflection 
the fading was poorly correlated. In one in- 
stance at night successive records were made 
at the same frequency, first of the fading of a 
sporadic E echo and then of the fading of the 
echo from the F layer seen through the 
sporadic £. The sporadic-£ fading was well- 
correlated, but the fading of the F-layer 
echoes were poorly correlated. We conclude 
that in nearly all cases the fading of F-layer 
echoes was caused by scattering well below 
the level of reflection, possibly in the £ re- 
gion. 

A variation of the experiment is being 
carried out to locate the height at which the 
scattering occurs. This involves two paths to 
the ionosphere which intersect at a level 
which can be varied by moving one of the 
receivers. 

These results, of course, will have im- 
portant implications for the interpretation 
of drift measurements by the fading method. 

A Theory of Radio Star Scintillation 
Based on Ionospheric Turbulence—H. G. 
Booker, Cornell University—On the basis of 
the model of a turbulent ionosphere pre- 
viously presented by Booker,* calculations 
have been made concerning the effect of 
ionospheric turbulence on the amplitude and 
phase of signals from discrete sources of 
cosmic radio noise. For a magnetic dip of 
+60°, results are as follows: 

1) There seems no possibility of star 
scintillation occurring above the level of 
maximum electron density in the F region if 
scintillation is caused by ionospheric turbu- 
lence. 

2) It is unlikely that even the under side 
of the F layer plays a major part in star 
scintillation since the size and shape of the 
possible irregularities are inappropriate and 
the diurnal variation is incorrect. 

3) The fluctuations in absolute phase at 
ground level are introduced primarily on the 
under side of the E layer and should have a 
diurnal variation with a maximum shortly 
after midday. It should be remembered, 
however, that the fluctuations in absolute 
phase are not what are measured in prac- 
tice. 

4) For the reasons given by Hewish,} the 
fractional amplitude fluctuations are less 
than the absolute phase fluctuations. How- 
ever the extent of this reduction varies 
radically with height in a way not con- 
sidered by Hewish. Amplitude fluctuations 
due to irregularities at E-region levels are 
drastically curtailed because the macroscale 
of irregularities at this level is so large. 
Above about 140 km, however, the earth’s 
magnetic field greatly reduces the size of the 
electronic irregularities measured in the 
direction perpendicular to the field, and this 
greatly reduces the Hewish suppression fac- 
tor above about 140 km. The upshot is that 
the interval of height between the E and F 
regions plays a major role in causing ampli- 
tude fluctuations even though fluctuations 
in absolute phase are produced primarily on 
the under side of the £ region. 

5) Thestrength of the amplitude fluctua- 


* Booker, J. Geophys. Res., vol. 61, p. 673; 1956. 
+ Hewish, Proc. Roy. Soc. A, vol. 209, p. 81; 1951. 
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tions depends to a large extent on the “po- 
tential” gradient of electron density between 
the # and F regions (that is, the gradient 
corrected for adiabatic variation of density 
with height). The night time maximum of 
star scintillation can therefore be explained 
qualitatively if the height interval that is 
responsible for amplitude fluctuations is on 
the top side of a well-developed E layer dur- 
ing the daytime but on the tail of the F layer 
at night. 

6) The order of magnitude of the am- 
plitude fluctuations predicted by the above 
model is very roughly in accordance with 
observations and can be adjusted by reason- 
able changes in the model. The same is true 
for the size and shape of irregularities. 

This theory of radio star scintillation 
carries with it the implication that the fad- 
ing of hf radio waves reflected from the F 
layer is largely due to multiple scattering 
below the F layer, and that “spread F” is 
due to an unusually large amount of mul- 
tiple scattering between the Land F regions. 

Post-CMP Geomagnetic Effects of Solar 
Event-Producing Regions—M. B. Wood, 
National Bureau of Standards—Solar regions 
which produce noise in time association with 
flares and regions which produce importance 
3-+flares unsorted as to radio burst produc- 
tivity have been studied in terms of geomag- 
netic effects. Post-event effects and post- 
central meridian passage (cmp) effects of the 
event-producing regions have been com- 
pared. The results indicate that 1) in general 
the post-cmp geomagnetic effects are as 
strong as the post-event effects and 2) 460 
me radio burst-flare events are as strongly 
associated with geomagnetic disturbances as 
are 200-mc flare events, both in terms of 
post-event effects and post-cmp effects. 

Radar Scattering by Meteor Trails—H. 
Brysk, University of Michigan—The scat- 
tering of radar waves by “underdense” 
meteor trails has been calculated in detail. It 
is found that the restriction to the precisely 
specular case can be seriously misleading (in 
the absence of diffusion it leads to an upper 
bound to the scattering intensity; where 
diffusion is considerable, it has led to wrong 
conclusions). The effects of the beam pattern 
(e.g., sharp cutoff, Gaussian) and of non- 
turbulent diffusion have been examined. In 
the case of velocity measurements based on 
the diffraction pattern, it is found that al- 
though the theoretical analysis that has been 
used is questionable the results are essen- 
tially valid. 

Radar Echoes from Overdense Meteor 
Trails Under Conditions of Severe Diffusion 
—G. S. Hawkins and D. F. Winter, Harvard 
College Observatory—A theoretical study has 
been made of the diffusion of meteor trails 
where the electron density is greater than 
the critical density. It was found that, to a 
first approximation, the reflecting surface 
was a prolate spheroid with the major axis 
coinciding with the direction of motion of 
the meteor. The scattering cross section was 
computed for a radar situated on the minor 
axis and was found to be equivalent to that 
of a sphere with diameter equal to the major 
axis of the spheroid. The power scattered 
back to receiver was found to be propor- 
tional to the sixth power of the wavelength 
and inversely proportional to the fourth 
power of range. When diffusion of the trail 
is severe, the radar cross section of an over- 
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dense trail is algebraically identical to that 
of an underdense trail. 

Refraction, Scintillation, and Absorption 
Measurements at Microwave and Meter 
Wavelengths—J. Aarons, J. Castelli, and 
W. Barron, Airy Force Cambridge Research 
Center—Simultaneous solar measurements 
over the ocean were made during the sum- 
mer of 1956 with 218-mc, 3-cm, and 8-mm 
radiometers. The data has been analyzed 
from the viewpoint of atmospheric absorp- 
tion, refraction, and scintillations in the 
microwave wavelengths and refraction in 
the meter wavelengths. Refractive errors at 
218 mc, determined from null readings on a 
sea interferometer, were greater than at the 
microwave wavelengths. Microwave meas- 
urements in the X and Ka bands were 
measured by means of varied altitude posi- 
tions of two antennas feeding Dicke radiom- 
eters. Attenuations recorded centered around 
0.018 db/km in the X band and 0.03 db/km 
in the Ka band. Tropospheric scintillations 
with periods ranging from 3-70 seconds were 
seen at lower angles in the microwave meas- 
urements, particularly at X band. 

Radiation from Slots on Dielectric Clad 
and Corrugated Cylinders—J. R. Walt and 
A.M. Conda, National Bureau of Standards 
—The radiation from slots on smooth cir- 
cular cylinders of perfect conductivity is now 
well understood. However, if the cylindrical 
surface is coated with a thin dielectric film, 
the patterns can be appreciably modified. 
The calculation of the radiation character- 
istics, however, is extremely tedious due to 
the complexity of the rigorous formula.* For 
this reason, it seems worthwhile to modify 
the final expressions for the field by making 
several approximations on the basis that the 
thickness of the dielectric film is small. 
Furthermore, it is of interest to consider the 
problem by using approximate boundary 
conditions. This latter method can also be 
used to treat the corrugated cylinder under 
the restriction that the teeth are closely 
spaced with respect to the wavelength. 

The numerical results in this paper in- 
clude radiation patterns for axial slots on a 
dielectric clad cylinder by using both exact 
and approximate techniques for cylinder 
circumferences of 2 and 3 wavelengths. The 
close similarity of the two methods lends 
confidence to the validity of the approximate 
formulas for pattern calculation of large di- 
electric clad and corrugated cylinders. Ex- 
amples of these are shown for a cylinder 
circumference of eight wavelengths. 

Transverse Resonance Analysis of Flush- 
Mounted Antennas—R. C. Honey, Stanford 
Research Institute—This paper describes the 
application of the transverse resonance 
method to the analysis of large flush- 
mounted antennas and the experimental 
confirmation of the technique. In contrast 
to the more usual methods of array design, 
the complete two-dimensional array is 
treated as a unit rather than as a sum of a 
large number of discrete radiators. The solu- 
tion of a suitably generalized transverse 
resonance equation determines the complex 
propagation constants both transverse to 
and along the array. The method has been 
applied to two types of large flat flush- 


* J. R. Wait and W. E, Mientka, “Slotted-cylinder 
antenna with a dielectric coating,” to be published in 
NBS J. Res., vol. 58. 
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mounted antennas polarized parallel to the 
plane of the antenna: the first consisting of 
a capacitive sheet spaced over a conducting 
ground plane, and the second of an inductive 
sheet spaced over a conducting ground 
plane. : 

The experimental tests of the latter type 
of antenna verify the theoretical predictions 
in every detail. The low-sidelobe pencil 
beam from the antenna scans in the H plane 
from 70° to 30° above the plane of the 
antenna as the frequency changes from 7 
to 13 kmc. The H-plane beamwidth of the 
antenna stays virtually constant over most 
of this band. The E-plane radiation patterns 
of the antenna are essentially the same as 
the E-plane patterns of the line source used 
to feed the antenna. 

A New Broadband Conical Helix An- 
tenna—M. Nussbaum, American Electronic 
Laboratories Inc.—A unique conical helix 
antenna is presented which represents a 
major improvement, from both the electro- 
magnetic and mechanical viewpoints, over 
the conventional cylindrical helix. Usable 
bandwidths of greater than 4:1 have been 
achieved. 

The antenna configuration is an inverted 
conical frustrum, apex fed by a rigid trans- 
mission line, whose axis coincides with the 
axis of the helix, and which terminates in a 
small disk at the top of the antenna. The 
transmission line prevents the center con- 
ductor from radiating and also provides a 
convenient location for matching trans- 
formers. The former function prevents inter- 
action between the feed line and the helix 
coil while the latter eliminates matching 
transformers behind the base plate. The 
ground plane of the conical helix is plastic 
because reflection of energy occurs at the 
larger coil diameters and unlike the base fed 
cylindrical helix which requires a large 
ground plane, the conical helix functions 
properly with no ground plane. 

Conical helixes have been constructed for 
use in the region 250—-10,000 me up to this 
time. The high-frequency limitation is due 
to the small physical size required; con- 
versely, the low-frequency limit depends 
upon the largest physical size which one con 
siders acceptable. 

This paper discusses the basic helix de- 
sign, the selection of initial parameters, the 
effect of parameter variations, the standard 
models which exist, and the prospective im- 
provements either contemplated or in 
process. 

Measured data on three typical helixes is 
presented to illustrate the manner in which 
the characteristics such as beam width, 
beam tilt, axial ratio, side lobe level, and 
vswr vary with frequency. These three 
helixes cover the total range 400-4500 mc 
and illustrate graphically the evolution of 
the helix from a tall, thin helix having 2:1 
bandwidth to a short, fat antenna having 
4:1 bandwidth. 

Some Results Concerning the Fresnel 
Region of Constant Phase Rectangular 
Apertures*—C. Polk, RCA Laboratories, 
Princeton, N,. J—The far field of constant 


* This work has been made possible by the support 
of the USAF Air Res. and Dev. Command, Rome Ag 
Dev. Center, under Contract AF30(602)-583 with the 
Moore School of Electrical Engineering, Univ. of 
Pennsylvania, 
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phase rectangular apertures has been de- 
scribed by relatively simple formulas given 
in Silver’s book on “Microwave Antenna 
Theory and Design” (page 187). Analogous 
information describing the Fresnel region 
of such apertures must necessarily be more 
complex since the radiation pattern and the - 
“gain” vary with distance from the aperture. — 
Based upon the Kirchhoff diffraction for- 
mula however, it is possible to derive solu- 
tions in closed form and to plot “universal” 
curves which are applicable to many com- 
binations of wavelength, aperture size, and 
distance. 

Fresnel region “gain correction functions” 
have been defined and computed for con- 
stant phase rectangular apertures with uni- 
form, triangular, “roof-top,” cosine, and 
cosine squared illumination. The examina- 
tion of these correction functions permits 
interesting conclusions concerning the varia- 
tion of Fresnel region fields with distance 
and the significance of the common 2L?/d 
limit for various aperture distributions. 

Formulas for relative power patterns in 
the Fresnel region in planes parallel to the 
aperture have also been obtained and “uni- 
versal” curves have been plotted. 

The computational results have been 
checked by laboratory and field experiments 
which are described briefly. 

Characteristics of Thin Wire Loop and 
Biconical Antennas with Spherical Ferrite 
Core—J. Herman, Diamond Ordnance Fuze 
Laboratories—The problem of radiation 
from a thin wire loop antenna in air and 
with a finite spherical core of material other 
than air has been solved quite rigorously. 
The equations for the fields have been ex- 
pressed in general spherical wave functions, 
or modes. It has been found that three 
families of waves are present: one TE, and 
two TM families. The solution holds for any 
diameter loop, for any frequency and for any 
core material, including losses, whose charac- 
teristics are homogeneous and isotropic, in-_ 
cluding air. Expressions in mode series for 
the input impedance, radiated power, and 
efficiency of radiation, have been derived. A 
particular ferrite has been used for experi- 
mental check of the theory. A ball of this 
material, about 3} inches in diameter, with 
a thin silvered loop flush with its surface, 
was fabricated, and input impedance over 
a frequency range of 90 to 250 mc was 
measured. The results yielded very good 
agreement with theoretically calculated 
values using the measured characteristics of 
the material. 

As predicted, the use of ferrite effectively 
increases the electrical size of the antenna. 
While an impedance transformation results, 
highly useful especially for very small an- 
tennas, losses in the commercially available 
materials tend to diminish the advantage 
gained over an air loop of the same dimen- 
sions. However, the ferrite loop is still much 
better than the air loop. 

As better materials are developed, the 
use of this type of radiator and receiver of 
energy will be notably advantageous. 

An Automatic Phase Measuring Circuit 
for Microwaves—R. Mittra, The Pennsyl- 
vania State University—The paper describes 
the theory and performance of a microwave 
circuit assembly for automatic measurement 
of phase of microwave signals. The circuit is 
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useful for diffraction and scattering meas- 
urements and can be employed to measure 
the space variation of the amplitude and 
phase of the field automatically without re- 
quiring any adjustments of the instruments 
for individual readings. Most of the presently 
known circuits for phase measurement em- 
_ ploy a calibrated phase shifter and an at- 
tenuator which have to be adjusted for every 
measurement in order to obtain the phase 
shift by the null method, which involves ad- 
justing a reference signal so that it is equal 
in amplitude and opposite in phase with 
respect to the received signal. In the present 
method, by employing a single-sideband 
modulated signal as reference, the phase in- 
formation at microwaves is transferred to 
the modulating audio signal. The phase of 
the detected wave when compared with a 
reference audio wave in an audio frequency 
phase meter yields the required phase shift. 
Arbitrary phase shifts are measurable with- 
out any adjustment. The circuit adjustment 
has been built and tested and has been found 
satisfactory for a fair degree of accuracy. 

An Adjustable Sliding Termination for 

Rectangular Waveguide—R. W. Beatty, 
National Bureau of Standards—A new ad- 
justable sliding termination for rectangular 
waveguide has been developed. The termina- 
tion consists of a strip of dissipative material 
which can be rotated in the waveguide and 
slide relative to a short-circuiting plunger. 
Individual mechanical control of the mo- 
tions is provided and the elements may be 
locked in any desired position. The termina- 
tion is of simple design and can easily be 
adjusted to produce reflection coefficients 
from zero to nearly unity in magnitude, and 
any desired phase. In addition to the usual 
applications of adjustable sliding termina- 
tions, it provides a suitable design for an 
adjustable secondary standard of impedance 
for rectangular waveguide systems. 

Measurements of the Refractive Index 
of Various Aerosols at a Frequency of 9400 
Megacycles—C. M. Crain, J. E. Boggs, 
and D. Thorn, The University of Texas— 
This paper describes the apparatus used and 
the results obtained for measurements of the 
refractive indices of silver iodide, oil smoke, 
powdered iron, and plastic aerosols for 
densities in the range from 0 to 50 micro- 
grams per cc. The sensing element used was 
a 9400-mc cavity resonator. A continuous 
flow process was employed. 

The density of particles in the cavity 
resonator was determined by passing the 
gas containing the suspended particles 
through a particle filter and flow meter and 
by weighing the residue deposited in the 
filter for a measured flow in cc. The refrac- 
tive index of the aerosol was determined by 
using an EERL microwave refractometer 
and measuring the change in difference fre- 
quency between two cavity resonators 
caused by introducing the aerosol of known 
concentration into one of the cavity reson- 
ators. 

The contributions of particles to the total 
refractive index of the various aerosols 
measured were proportional to particle 
density and were 0.15, 0.74, 0.46, and 0.18 
N* units per microgram per cc for silver 
iodide, oil smoke, plastic spheres, and 


* N =(n—1)10® where x is the index of refraction. 
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powdered iron, respectively. The values ob- 
tained in all cases were in reasonable agree- 
ment with those indicated by theory for 
spherical particles. 

A discussion of some of the many prac- 
tical problems associated with the measure- 
ments will be presented. 

Frequency Stabilization of Variable Os- 
cillators—D. Makow, National Research 
Council (Canada)—A circuit is described 
where a single quartz crystal exercises con- 
siderable control over a range of continuously 
variable frequencies. 

Two self-excited oscillators generate volt- 
ages having frequencies fa and fg, respec- 
tively. The sum frequency fa+fz=fe is ob- 
tained in a mixer and is applied to a crystal- 
controlled discriminator centered at foo =fe. 
The oscillators are physically similar and 
their frequencies drift alike as a result of 
temperature, humidity, or power supply 
variations. The sum f¢ then changes accord- 
ingly, and the crystal discriminator pro- 
duces a de output proportional to the devia- 
tion of fe from fco. The dc voltage is fed 
back to the oscillators in such a manner as 
to correct the drift in fa and fg. Tuning is 
accomplished by shifting the frequencies of 
the two oscillators in opposite directions, 
thus not changing the sum frequency. 

An experimental circuit shows a five to 
ten fold improvement in frequency stability 
with temperature and power supply varia- 
tions, and the frequency resetting error is 
reduced. 

Design of Narrow Band Microwave 
Filters—J. J. Taube and B. F. Bogner, Azr- 
borne Instruments Laboratory—In designing 
band-pass filters of the constant k type 
where the percentage bandwidth is small, 
say less than 5 per cent, one is often con- 
fronted with the fact that the designs which 
assume lossless resonant circuits*t do not 
apply. In narrow band filters, it becomes im- 
portant to consider dissipation effects in or- 
der to achieve the desired filter amplitude- 
frequency response. This technique has been 
called predistortion and is due to Darling- 
tont and Bode.! Dishal* derived the general 
equations for dissipative band-pass filters 
consisting of one to four coupled resonant 
circuits. 

Since microwave filters are conveniently 
represented by coupled circuits, the Dishal 
approach has become especially useful. The 
design presented herein is an extension of 
Dishal’s design equations. There are infinite 
sets of solutions to these equations. A par- 
ticular solution was derived which represents 
a filter having the exact relative amplitude- 
frequency response (usually Butterworth or 
Tchebycheff) with minimum midband in- 
sertion loss. Complete design information is 
presented for the minimum insertion loss 
case for Butterworth and Tchebycheff re- 
sponses. Examples of three-resonator wave- 
guide and stripline filters designed from this 


* M. Dishal, “Two new equations for the design of 
filters,” Elec. Commun., vol. 30, pp. 324-337. | 

+ W. Mumford, “Maximally flat filters in wave- 
guide, Bell Sys. Tech. J., vol. 27, pp. 684-713. 

¢S. Darlington, “Synthesis of reactance four- 
poles,” J. Math. Phys., vol. 18, pp. 257-353. 

1H. W. Bode, “Network Analysis and Feedback 
Amplifier Design, D. Van Nostrand Company, Inc., 
New York, N. Y., Section 10.11. 

2M. Dishal, “Design of dissipative band-pass 
filters producing desired exact amplitude frequency 
characteristics,” Proc. IRE, vol. 37, pp. 1050-1069; 
September, 1949. 
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approach will be presented. Their perform- 
ance will be compared with the theory. 

Although minimum insertion loss designs 
have only been computed up to four 
resonant circuits, the principles behind its 
completion for any number of resonant cir- 
cuits are clear. The possibilities of extension 
of this design will be discussed. 

Some Preliminary Characteristics of 
Meteor Echoes as Determined by Radar In- 
vestigations at Frequencies of 100, 200, and 
400 MC—A. M. Peterson, R. L. Leadabrand, 
and R. A. Rach, Stanford Research Institute 
—Results of amplitude time measurements 
of meteor reflections are presented which 
were made using radars at frequencies of 100 
me at Stanford and at 200 and 400 mc at 
College, Alaska. Results of the investigation 
of the number of meteor reflections as a 
function of direction and time of day are 
also presented, giving information about the 
rates and radiants of sporadic meteors. 

The Fading of Meteoric Radio Echoes— 
L. A. Manning, Stanford University—A 
theory of the fading of enduring meteoric 
radio echoes has been developed based on 
the assumption that after formation the 
trails are distorted sinuously by a wind 
profile having the properties of Gaussian 
noise. Before distortion, an echo is possible 
only from the perpendicular reflection point, 
but as distortion progresses, reflecting 
“slints” appear within an ever-widening 
length of trail. Fading starts after a median 
0.4 seconds (Greenhow) when the second 
glint is created, and is due to the difference 
in wind velocity at the active glints. An 
ensemble of trails has an “aperture distribu- 
tion” of glints having a Gaussian power re- 
flection coefficient along the trail and linearly 
increasing width. The rate of growth of the 
aperture has been found from measurements 
of the cross correlation of fading envelopes 
at ground stations separated up to 1000 feet 
at 61 mc. The correlation over the ensemble 
is Gaussian in product of time by spacing, 
and yields a minimum significant scale of 
the wind structure of one or two kilometers. 

The expected rate of fading depends on 
the number of active glints, and has been 
found as predicted to increase with time un- 
til the number of glints is reduced by trail 
shrinkage at the end of the echo. The height 
differential required to cause zero correla- 
tion in wind velocity is thus found to be a 
little over 6 km. Values are also found for 
rms wind velocity and velocity gradient con- 
sistent with those photographed by Whipple. 

Application of the theory explains fully 
the delay in appearance of off-perpendicular 
echoes found by McKinley and Millman. It 
also has implication as to the number of de- 
tectable long-duration echoes, and their de- 
cay properties. It enables prediction of 
oblique path diversity requirements for re- 
duction of fading in meteor propagation. 

Forward Scattering by Reflections from 
Meteor Trails of a UHF Signal over an 830- 
Mile Path*—J. H. Chisholm, M. Loewen- 
thal, and A. E. Teachman, M.I.T., Lincoln 
Laboratory—A number of experiments have 
been performed over an 830-mile path be- 
tween the M.I.T. field stations at Round 
Hill, Mass., and Elberton, Ga., to investigate 


* The research in this document was supported 
jointly by the U. S. Army, Navy, and Air Force under 
contract with the Mass. Inst. Tech, 
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meteor echoes at uhf. The equipment con- 
sists of a 48-kw cw klystron transmitter 
operating into a steerable 60-foot parabola 
and a receiving antenna with multiple feeds 
connected to a duplicate pair of sensitive 
narrow-band receivers and high-speed tape 
recorders. 

In the most interesting of these experi- 
ments, the receiving feeds were set to re- 
ceive signals elevated 6° above the horizon 
and 6° east and west of the great circle path 
to the transmitter. The steerable antenna 
was pointed at fifteen-minute intervals suc- 
cessively 6° to the east, center, and west of 
the path. (The elevation was again 6°.) The 
character of the echoes, the variation in 
meteor signal rate during the period of ob- 
servation, and the relative distribution 
either side of the path (of bearing 236°) are 
described. 

Simultaneous with the above data, rec- 
ords were taken at a similar site located in 
Winston-Salem, N. C., 630 miles away. 

On the Diurnal Changes of the Optimum 
Antenna Bearings for Meteor Burst Propa- 
gation: Part I, Measurements for N-S and 
E-W Paths*—A. M. Peterson and W. R. 
Vincent, Stanford Research Institute—Meas- 
urements have been made of the directions 
of arrival of radio signals propagated over 
long paths via reflections from individual 
meteor ionization trails. In particular, 
meteor-propagated signals from television 
stations KTVK in Phoenix, Ariz., and KHQ- 
TV in Spokane, Wash., have been recorded 
at Stanford, Calif. At the receiving site, the 
bearing of a directional antenna is pro- 
grammed to sample the echoes arriving from 
various azimuths. 

Certain gross features of the diurnal 
changes in the favored directions of arrival 
have been repeated in each test. For the 
Phoenix-Stanford path (approximately east- 
west), most meteor bursts arrive from the 
north side of the great-circle path during the 
morning hours, while most of the bursts ar- 
rive from the south side of the path during 
the evening hours. For the Spokane-Stanford 
path (approximately north-south) most 
bursts arrive from the west side of the great- 
circle path during the night, while the east 
side of the path is favored during the day- 
time hours. The off-path angle from which 
most meteor echoes arrive may be as great 
as 30°. 

In addition to the general diurnal varia- 
tions in the angles of arrival of meteor 
bursts outlined above, there are on occasion 
sudden, short-lived fluctuations in the 
meteor echo rate and the directional charac- 
teristics of the signals. In one example of 
such a variation, the number of echoes ar- 
riving from a particular azimuth increased 
by a factor of ten in less than an hour. After 
less than two hours, the rate was back to 
normal. This sudden enhancement, pre- 
sumably associated with a heretofore unde- 
tected meteor shower of very short duration, 
was not repeated on the preceding or follow- 
ing day. 

On the Diurnal Changes of the Optimum 
Antenna Bearing for Meteor Burst Propaga- 
tion: Part II, Predictions Based on Theory 
and Radar Measurement of the Meteor 
Radiant Distribution*—V. R. Eshleman and 


* This work was supported by the AF Cambridge 
Res. Center, Air Res, and Dev. Command. 
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R. F. Mlodnosky, Stanford University—Be- 
cause of the directivity of the radio reflec- 
tions from the straight, long columns of 
ionization formed by meteoric particles, the 
paths of propagation from transmitter to 
receiver via meteor trails depend upon the 
directions of travel (radiants) of the particles 
into the upper atmosphere. Certain features 
of the diurnal, seasonal, and geographical 
variations of the sporadic meteor radiant dis- 
tribution have been deduced from considera- 
tions of possible and probable distributions 
of meteor orbits around the sun, and the 
manner in which the earth sweeps through 
interplanetary space. Single-station radar 
measurements of the range and azimuth dis- 
tributions of meteor echoes have been 
analyzed to obtain information on diurnal 
variations of the radiant distribution. 

The results of the experimental and 
theoretical determinations of the meteor 
radiant distribution are used to predict the 
salient directional features of meteor propa- 
gation over several representative oblique 
paths. These predictions correspond to the 
directional measurements discussed in Part 
I of this paper. 

In addition to the gross features which 
are repeated each day, the radar measure- 
ments reveal important fluctuations in the 
radiant distribution which appear to be ran- 
dom. If these fluctuations are indeed ran- 
dom, it would not be possible to determine 
in advance how individual variations of this 
type would affect meteor burst propagation. 
In order to determine the feasibility of an 
“instantaneous prediction” of the optimum 
antenna bearing for meteor burst propaga- 
tion, a simultaneous radar and oblique path 
test was performed. From the results of this 
test, it appears tht a radar at one end ofa 
meteor burst path could be used to con- 
tinually monitor the changing radiant dis- 
tribution, and that this information could be 
used to adjust the bearings of the antennas 
used in the oblique path so as to maximize 
the rate of reception of meteor echoes. 

Radar Studies of Meteors Down to 15th 
Magnitude*—P. B. Gallagher and V. R. 
Eshleman, Stanford University—Present- 
day knowledge of the ionizing effects of 
meteoric particles is confined to those sizes 
corresponding to about 10th visual magni- 
tude and larger. Little is known concerning 
the behavior of those meteors between 10th 
magnitude meteors and micrometeorites 
(20th magnitude) owing to the lack of a 
sufficiently sensitive tool for a study. 

This paper concerns a recently con- 
structed sensitive radar at Stanford Univer- 
sity, designed to help fill this gap in knowl- 
edge concerning the meteor spectrum. The 
system features a high-gain 23.1-mc double- 
line broadside array of 96 four-element Yagi 
antennas. The array generates a fan-shaped 
radiation pattern that has lobe structure in 
the meridian plane, and has a measured 
transverse half-power beam width of 1.5°. 
This array, in conjunction with an available 
90-kw pulsed transmitter, comprises a sys- 
tem theoretically capable of detecting ion- 
ization trails created by meteors of sizes 
down to an estimated 15th visual magni- 
tude. 

Initial data with the array half complete 
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indicates that meteor ionization trails having 
line-densities as low as 10!° electrons per 
meter (corresponding to about 15th magni- 
tude) can be detected as individual events. 
Average hourly rates of total meteor activity 
observed in the array during early morning 
hours are above 4000. New experimental 
data for the meteor rate-amplitude law ex- 
tended down to the limit of sensitivity of 
this radar will be presented, together with 
the implications of these results to meteor 
astronomy and meteor propagation. Details 
of the antenna system and its other potential 
reseached applications will also be described. 

The Clustering of Meteor Bursts at 
Twenty Megacycles over a 608-Kilometer 
Path—L. R. Wylie, Wittenberg College, and 
H. T. Castillo, Wright Air Development 
Center—The field strength of the 20-mc 
transmissions from the Bureau of Standards 
radio station WWV has been recorded be- 
tween 0200 and 0300 hours over the 608- 
km path between Washington, D. C., and 
Springfield, Ohio. Bursts of signal were re- 
ceived that could not be explained by con- 
ventional ionospheric propagation theories. 
Simultaneous radio and visual observations 
established that the bursts were the results 
of meteoric ionization. 

An omnidirectional antenna, conven- 
tional communications receiver, dc ampli- 
fier, and Esterline-Angus recorder were used 
to collect data. A mean of 175 bursts per 
hour was recorded. Practically all of the 
meteors were below naked eye visibility. 
The average duration of a burst was about 
two seconds. The noise level of the receiver 
was 0.10 uv and about half of the meteors 
had amplitude 0.11 pv or less. 

A Poisson distribution was fitted to the 
observed data and a significant difference 
between observation and theory was noted, 
signifying that the incoming meteors are not 
randomly distributed, but are clustered- 

An Experimental System for Studying 
the Zeros of Gaussian Noise—G. M. White, 
Harvard University—Gaussian noise is gen- 
erated by the shot-effect and amplified by 
video amplifiers. Then a band around 600 ke 
is transferred to the audio region and shaped 
by a filter so that the power spectrum of the 
noise is either 
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This filtered noise is then passed through 
several stages of clippers and expander- 
amplifiers and a quarter-ysec pulse placed at 
each of the zero crossings of the filtered 
noise. The zero-crossing pulses are then used 
to obtain an experimental verification of 
Rice’s formula for having a zero crossing in 
an interval At, t seconds after a zero crossing 
has occurred.* Close agreement to the 
theoretical curves are obtained for the two 
spectrums considered. 

Lightning Discharge Measurements— 
M. M. Newman, Lightning & Transients 
Research Institute—Atmospheric interfer- 
ence reduction and lightning protection de- 
velopment for aircraft brought out the 
need for as yet unavailable data on lightning 


* S. O. Rice, “Mathematical analysis of random 
noise,” Bell Sys. Tech. J., vol. 24, p. 58; 1945. 
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channel resistivities, surge impedances, 
velocities of pulse advance, and consequent 
rates of charge transfer. To facilitate inter- 
cepting natural lightning discharges for de- 
tailed study, a special mobile artificial light- 
ning generator installation has been de- 
signed and installed on an ocean-going 
schooner. 

Some experiments are planned for this 
summer on the Great Lakes where we will 
have room enough to follow a storm, and 
utilize lifeline throwing rockets for launching 
wires toward charged clouds, so as to chan- 
nel lightning discharges through measure- 
ment equipment. Superimposing artificial 
pulses on the natural lightning channel 
should upon analysis of reflection times and 
attenuation of coefficients provide necessary, 
heretofore unavailable, basic data. 

Parallel studies of artificial lightning 
pulse radiation using balloon supported 
channel conductor equivalents are expected 
_ to prove useful in lightning sferics propaga- 
tion studies, particularly as it is calculated 
it will be possible to produce short-time 
pulse trains of radiated powers of the order 
of 100 megw in the 10-kc frequency range 
of interest in the “whistler” type propaga- 
tion theory. 

Periodicity in Dawn Chorus—H. E. 
Dinger, U. S. Naval Research Laboratory— 
Observations of musical atmospherics over a 
number of years have shown that the time 
between a lightning stroke and the resultant 
long whistler is generally from two to four 
seconds. Storey’s theory attempts to explain 
this delay and is currently accepted as a 
logical explanation. 

Dawn chorus generally shows no perio- 
_ dicity; however, at times one may observe a 
phenomenon, which is probably a form of 
the dawn chorus, consisting of several musi- 
cal tones slowly descending in frequency 
with an apparent period of repeatability of 
three to four seconds. This period corre- 
sponds to the delay of most long whistlers. 
The observed results suggest that there may 
be a connection between this phenomenon 
and the normal whistler propagation path, 
possibly in such a manner as to give rise to 
an oscillation system supplied by energy 
from an extraterrestrial source and having a 
period determined by the magnetic path. An 
important experiment will be that of deter- 
mining what is happening simultaneously at 
the magnetic conjugate point when the 
effect is being observed. To date no observe- 
tions have been recorded of the normal dawn 
chorus and the type described here appear- 
ing simultaneously. 

Unusual Sferic Phenomenon Observed 
During Tornado Season of 1956—H. L. 
Jones, Oklahoma A & M College—Some 
20,000 feet of sferic records were obtained 
during the tornado seasons of 1956. Several 
new features found in these records in- 
_ troduced some interesting sidelines pertinent 
to the nature of the severe storms that are 
characteristic of the Great Plains Area. 

As the surface temperature increased 
during June and July, 1956, a new type of 
sferic activity became apparent. During the 
preceding months the recorded directional 
pips were separate and distinct. This was not 
the case for numerous recordings made dur- 
ing the months of June and July. In these 
recordings it is apparent that some type of 
flare discharge accompanied the individual 
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directional pips in such a way that the 
directional pips are recorded against a 

flare” background. This phenomenon re- 
sulted in large values on the stroke counter. 

The Bryan, Texas, tornado produced a 
high stroke rate on the records obtained at 
the Tornado Laboratory. The High-Fre- 
quency Directional Finder located this storm 
within one half of 1° of the azimuth of Bryan. 

Film records of directional pips indicate 
that these pips occur in “bursts” that are 
separated by intervals of one to three sec- 
onds. These intervals corresponded with 
visual observations for the occurrences of 
the volume discharges that appear in the 
cloud mass at approximately 10,000 feet. 

Orthogonality Properties of Modes in 
Uniform Waveguides Containing Aniso- 
tropic Media—A. D. Bresler and N. Mar- 
cuvitz, Polytechnic Institute of Brooklyn— 
The solution of discontinuity and excitation 
problems in general uniform waveguides re- 
quires a knowledge of the orthogonality 
properties of the (source free) guided modes 
(eigenvectors) of the waveguides. It is shown 
that, in general, a statement of orthogonality 
properties involves both the modes of the 
given waveguide and those of an appropriate 
“adjoint” waveguide. A description is given 
for the adjoint waveguides associated with 
uniform waveguides containing dissipative 
inhomogeneous anisotropic media and 
bounded, if at all, by combinations of electric 
walls, magnetic walls, anisotropic sheath 
walls, and general impedance walls. The 
eigenvalue problem defining the modes is 
classified as hermitian or symmetric accord- 
ing as the (hermitian or symmetric) adjoint 
waveguide is identical with the original 
waveguide. For these special cases, relations 
between different eigenvalues and their as- 
sociated eigenvectors are deduced. 

Modal representations for arbitrary field 
distributions are, in general, of the traveling- 
wave type and do not reduce to the familiar 
transmission line representations wherein 
the voltage and current are direct measures 
of the transverse electric and magnetic fields, 
respectively. The latter representations arise 
only in waveguides which exhibit reflection 
symmetry. This class of waveguides is de- 
limited. An indication is given of the manner 
in which reflection symmetry simplifies the 
general orthogonality property and permits 
the introduction of conventional transmis- 
sion line representations. 

Theory of Mode Coupling, Part I: Deriva- 
tion of the Mode Coupling Formalism— 
H. A. Haus and L. N. Howard, Research 
Laboratory of Electronics, M.I.T.—Devices 
(such as the traveling-wave tube and the 
helix-helix coupler) consisting of two or 
more subsystems, each of which is capable of 
slow wave propagation can be conveniently 
analyzed by the coupling of modes formalism 
as originally suggested by J. R. Pierce. It is 
shown that the coupling of modes formalism 
is based on an expansion of the fields in terms 
of the modes of the individual subsystems. 
A method for such an expansion is estab- 
lished. Coupled transmission line equations 
result among the expansion coefficients of 
the field. The coupling terms are found from 
integral expressions involving the fields of 
the modes of the subsystems, interrelations 
among the coupling coefficients are shown 
and explained. This formalism lends itself to 
simple approximate calculations of the slow 
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modes of a composite system once the modes 
of the subsystem are known. An application 
to the analysis of the traveling-wave tube 
with a thick beam is presented. 

Theory of Mode Coupling, Part II: Mode 
Coupling as an Eigenvalue Problem—L. N. 
Howard and H. A. Haus, Research Labora- 
tory of Electronics, M.I.T.—Problems in 
coupling of modes lead to a generalized 
eigenvalue problem of the form Hx —\Px 
where H and P are hermitian matrices. If 
P is positive definite the eigenvalues are all 
real and the problem can in fact be reduced 
directly to an ordinary hermitian eigenvalue 
problem. The physical meaning is that the 
coupling leads to purely propagating normal 
modes. But if P is not positive definite this 
is not always possible. Some of the eigen- 
values may be complex. In this paper we 
discuss canonical forms for the pair of ma- 
trices H, P, and their physical interpreta- 
tion in terms of the resulting normal modes 
of the system. In the case of nonrepeated 
roots one can simultaneously achieve a 
diagonal form for P and a form for H which 
is diagonal for the real eigenvalues and has 
2X2 blocks for each pair of conjugate com- 
plex eigenvalues. A representative physical 
situation is the exponentially growing and 
decaying pair of waves in a traveling wave 
tube. 

Radiation from a Rectangular Wave- 
guide Filled with Ferrite—G. Tyras, Boeing 
Airplane Company and G. Held, University 
of Washington—This paper presents an ap- 
proximate analytical solution to the problem 
of radiation from a ferrite-filled rectangular 
waveguide. The problem is approached in 
the following manner: first, it entails a solu- 
tion to Maxwell's equation for the aperture 
field distribution which is assumed to be the 
same as that of the waveguide containing a 
magnetized ferrite and second, the vector 
Huygen’s principle is applied to find the 
radiation field from the previously deter- 
mined aperture distribution. 

The solution to the problem is found in 
this manner for the cases of longitudinal and 
transverse magnetization of a ferrite. The 
transverse magnetization case is supple- 
mented with a discussion of a specific nu- 
merical example which includes plots of 
the aperture field distribution and phase 
angle as well as plots of the far-zone radia- 
tion field. The experimentally known phe- 
nomenon of the effect of the applied mag- 
netization upon the shift of the main lobe* 
is demonstrated and verified analytically. 

The Internal Magnetic Field of a Ferrite 
Ellipsoid—R. A. Hurd, National Research 
Council (Canada)—A method developed by 
Stevenson{ for the solution of scattering 
problems in power series in (wavelength) 
is extended to apply to anisotropic bodies 
such as ferrite ellipsoids. It is assumed that 
the direction of the static magnetic field ap- 
plied to the ferrite is along one of the ellip- 
soid principal axes. The first two terms of 
the power series have been found for the 
general ellipsoid. In the case of a spheroid 
three terms have been computed. The zero 
order (static) approximation yields the 
ferromagnetic resonance conditions obtained 


* D. J. Angleakos and M. M. Korman, “Radiation 
from ferrite-filled apertures,” Proc. IRE, vol. 44, 
pp. 1463-1468; October, 1956. 
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by Kittel,* while the higher order terms ex- 
hibit different resonance conditions. The 
effects of the size of the ellipsoid on the ap- 
parent permeability are considered. 

The Spectrum of Turbulent Mixing and 
its Application to Scatter Propagation—R. 
Bolgiano, Jr., Cornell University—The proc- 
ess of turbulent mixing in a stratified atmo- 
sphere has been analyzed as a general diffu- 
sion phenomena. This has led to a scale law 
for radio scattering of LY, y$11/3, in dis- 
agreement with Villars & Weisskopf’s L’ law. 

The essence of the development here em- 
ployed is that, in the presence of steady- 
state turbulence, fluctuations of all sizes of 
an atmospheric property y, such as specific 
humidity, are introduced by the interaction 
of the turbulence with the mean gradient of 
that property. These fluctuations are then 
converted to other, on the average, smaller 
scales by the mixing action of the turbulent 
velocity components. Finally, at very small 
sizes the fluctuations are “dissipated” by 
molecular diffusion. Thus, at such scales 
that molecular effects are negligible, Sy, the 
average rate of transfer of mean square 
fluctuations from larger to smaller scales, 
must be an inverse function of L or, at best, 
approximately constant. Under the simi- 
larity hypothesis of statistical turbulence 
theory, namely, the patterns of the turbu- 
lent-eddy disturbances are dynamically 
similar so that only the length scale and 
magnitude scale for each disturbance remain 
undetermined, the spectral intensity of mean 
square fluctuations, Ey/(k) is given, in order 
of magnitude, by LSy(k)r1(k=27/L). 71, 
the “lifetime” of a disturbance of size ZL, is 
proportional to L?/§ according to the uni- 
versal equilibrium theory. Since radio 
analyses indicate that the scattering coeffi- 
cient, o, is proportional to L?E,(k), this leads 
to the conclusion that o is proportional to 
I4/3, or to a smaller power of L. 

Numerical examples have been worked 
out for both the troposphere and the ionos- 
phere. The results are in fair agreement with 
experiment, though on the basis of the 
gradients assumed the predicted signal levels 
exceed somewhat the measured values. 

The Fading of Radio Waves Scattered by 
Dielectric Turbulence—R. A. Silverman, 
New York University—The fading of radio 
waves scattered by dielectric turbulence is 
shown to be the results of two effects. The 
first is time variation of the scattering eddies 
as seen in a coordinate system moving with 
the local wind velocity. The second is 
Doppler shifting produced by the convec- 
tion of the scattering eddies by the mean 
wind and by the macro-eddies. In the tropos- 
phere, the scattering eddies lie in the inertial 
range of statistical turbulence theory. This 
makes it possible to find the envelope fading 
rate of the received scattered signal to with- 
in a constant of proportionality by using 
dimensionality and similarity arguments. 
The result is an expression for the fading 
rate as a function of carrier frequency which 
departs significantly from that found with 
“scattering blob” models. - 

The Relation of Radio Measurements to 
the Spectrum of Tropospheric Dielectric 
Fluctuations—A. D. Wheelon, The Ramo- 
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Wooldridge Corporation—The size spectrum 
of isotropic fluctuations in the troposphere’s 
dielectric constant is related to quantities 
measured by radio means. Two classes of 
experiments are analyzed: 1) line-of-sight 
phases and amplitude instability, and 2) 
refractometer measurements of dielectric 
fluctuations. This analysis is independent 
of models for the dielectric fluctuations and 
provides a system from which the spectrum 
can be estimated from experimental data. 
The measured quantities are expressed as 
weighted integrals of the spectrum, many 
of which may be inverted to give the spec- 
trum directly in terms of the data. Antenna 
smoothing by the receivers and finite data 
sample effects are studied, in addition to the 
basic propagation mechanisms. 

Meteorological Correlations with a Scat- 
ter Signal—W. S. Ament, F. C. Macdonald, 
and D. L. Ringwalt, U. S. Naval Research 
Laboratory—During the week of December 
3-8, 1956, the Naval Research Laboratory’s 
Flying Laboratory and the University of 
Florida conducted joint 1250-mc scatter 
propagation measurements on a 262 (nauti- 
cal) mile link from Patrick Air Force Base, 
Fla., to Nassau, Bahamas. Meteorological 
and refractometer soundings were taken on 
a six-hourly schedule at selected points 
along the path. The weather was consistent 
and refractometer profiles showed a consist- 
ent 40-50 N-unit “inversion” at altitudes 
4000-6000 feet corresponding with a tem- 
perature inversion, a haze layer, and the 
base of cumulus clouds. The latter imposed 
a 10-40 mile mesometeorological scale and 
scatter in details of the profiles. Ground-to- 
air scatter signals show a 5-15 db height- 
gain maximum at “inversion” height, a 
0.17 db per mile attenuation rate, and a 
Rayleigh fading characteristic with under- 
lying slower fades at inversion height and 
above. Ground-to-ground signal levels cor- 
relate suggestively with wind-shear across 
the inversion. The indicated propagation 
mechanism is multiple scatter and partial 
ducting at the irregular N-curve break. 
This work was sponsored under ONR Con- 
tract Nonr 580(04) and was possible only 
through the cooperation of Air Force Mis- 
sile Test Center, Patrick Air Force Base, 
Fla., and Naval Air Development Unit. 
South Weymouth, Mass., with contribu- 
tions from Air Force Cambridge Research 
Center, Applied Physics Laboratory, M.I.T. 
Lincoln Laboratory, and Office of Naval 
Research. 

Theory of Scattering from a Nearly 
Transparent Anomaly—V. W. Bolie, Collins 
Radio Company—Recent advances in the 
design of uhf and microwave communica- 
tion equipment, coupled with the increasing 
need for expanding the usable frequency 
spectrum, have generated considerable in- 
terest in making use of scattered signals 
which are propagated beyond the radio hori- 
zon. Although a large amount of experi- 
mental measurements have been reported 
in the literature, much theoretical work in 
interpreting the basic scattering phenomena 
remains to be done. In order to gain a more 
detailed insight to the scattering mechanism, 
an approximate equation of propagation of 
electromagnetic energy in a nearly trans- 
parent medium is applied to the case in 
which the medium contains a dielectric 
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inhomogeneity in the form of an isolated 
Gaussian-shaped perturbation in the refrac- 
tive index. Equations for the scattering 
caused by the perturbing blob are illustrated 
graphically. The energy extracted from the 


incident wave by the blob is illustrated — 


graphically by a plot of the total scattering 
cross section as a function of blob size. 

Ionospheric Effects of the Great Solar 
Cosmic Ray Event of February 23, 1956— 
A. H, Shapley and R. W. Knecht, National 
Bureau of Standards—A widely reported 
solar outburst occurred on February 23, 
1956. At 0334 UT, a bright flare was ob- 
served in progress on the sun (Kodiakanal, 
India). An unprecedented increase in cosmic 
ray intensity began at 0350 UT (at Chicago) 
reaching the highest level ever recorded, 
and requiring up to 18 hours for the return 
to normal. Jonospheric soundings data from 
both the dark and daylight hemispheres 
have been examined. 

Soundings data from 12 stations in the 
dark hemisphere north of geomagnetic 
latitude 60° have revealed a large absorption 
effect whose beginning somewhat lags the 
start of the solar event and which lasts up 
to 48 hours. The effect is greatest above 65° 
and nonexistent below 50°. Between about 
51° and 59°, the increase in absorption does 
not appear in time association with the solar 
event, but rather as an augmentation of the 
usual daylight absorption during the sunlit 
hours of the following day (February 23). 
Except for a moderate effect that was ob- 
served at two stations at about 0400, mag- 
netic conditions were generally quiet 
throughout the period of high absorption 
until a severe disturbance began 47 hours 
after the solar event. The apparent mecha- 
nism is a steady influx of solar-associated 
charged particles in the mev energy range 
producing an excess of free electrons in the 
D region or in a sub-ionospheric layer. 

Soundings taken in the daylight hemis- 
phere at Okinawa, Guam, Baguio, and Adak 
show the usual increase in absorption coinci- 
dent with the flare. At Okinawa, however, 
a discontinuity in foF2, amounting to a 
17 per cent increase in the F2 layer maximum 
electron density, occurred at the time of the 
solar event. Lack of the appearance of this 
effect at the three other locations suggests 
caution in its interpretation. 

Observations of the Geographical Posi- 
tion and Extent of Regions of Anomalous 
High-Latitude Absorption*—H. Leinbach 
and C. G. Little, University of Alaska— 
Investigations of high-latitude absorption 
have been made at the Geophysical Insti- 
tute of the University. of Alaska, using 30 
mc extraterrestrial radiation. Three ob- 
serving techniques have been used: 1) ob- 
servations using a rotating, horizontally 
directed antenna, 2) comparison of observa- 
tions with fixed, vertically directed antennas 
at Barrow and College, north and south of 
the auroral maximal zone respectively, and 
3) comparison of observations of galactic 
noise received at a single site on vertically- 
directed, broad and narrow beam antennas. 

The rotating antenna observations at 
College typically showed greater absorption 
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to the north than to the south of the station. 
On the other hand, the two-station data 
indicate that on the average absorption is 
greater at College than at Barrow. These 
two results lend support to the suggestion 
that the anomalous high-latitude absorp- 
tion reaches a maximum near the zone of 
most frequent auroral activity. 

The observations have also shown the 
presence of irregularities in the absorption 
varying from less than 60 km to greater 
than 800 km in extent. 

398 McAuroral Echoes Observed at 
College, Alaska—A. M. Peterson, R. L. 
Leadabrand, and R. B. Dyce, University 

_of Alaska—Echoes from the aurora have 
been detected at College, Alaska, at a fre- 
quency of 398 mc using a radar with 60-kw 
peak power, 0.5-millisecond pulse width, 
3-kce receiver bandwidth, and a 61-foot 
diameter steerable parabolic reflector. The 
signal strengths of the echoes were as great 
as 27 db above receiver noise level (receiver 
noise figure 6 db). Echoes have been ob- 
served within the following limits: bearings: 
50°W to 50°E of magnetic north, elevation 
angles: 0° to 13°, ranges: 400 to 100 km. 

The 3° vertical beamwidth of the an- 


tenna allows height determination of the. 


reflecting auroral ionization. The heights 
were found to lie between 80 and 130 km 
with an average height of 105 km. 

Reflection geometry indicates that ech- 
oes can be observed when the angle between 
the transmitted ray and the magnetic field 
lines departs as much as 6° from perpendicu- 
lar. These new experimental data will re- 
quire further refinements to the theory of 
scattering from auroral ionization. 

UHF Auroral Observations*—S. J. 
_ Fricker, R. P. Ingalls, M. L. Stone, and 

S. C. Wang, Lincoln Laboratory, M.I.T.— 
A 412-mc bistatic pulsed radar system has 
been set up in Massachusetts, with which 
auroral returns have been observed at 
ranges of the order of 900 to 1300 km. 
Results from some early work with this 
system are given, including: 

1) Typical A-scope and intensity modu- 
lated film records. 

2) Average frequency of occurrence, and 
variation of occurrence rate with azi- 
muth. 

3) Diurnal variation of occurrence rate. 

A method is outlined for mapping the re- 
gions from which returns may be observed 
at a given site. This is based on the postulate 
that the radar beam must be perpendicular 
to the earth’s actual magnetic field in the 
auroral region for returns to be observed. 
The positions of the observed echoes. are 
seen to overlap the computed regions, thus 
giving some idea of the stringency of the 
perpendicularity condition at this frequency. 
Possible height limitations are indicated, 
particularly an upper limit of approximately 
165 km. 

Some VHF Sporadic-E Results—R. M. 
Davis, Jr., J. W. Finney, E. K. Smith, Jr., 
and D. H. Zacharisen, National Bureau of 
Standards—Recordings with wide dynamic 
range have been made for a period of ten 
months on two frequencies (27.775 and 
49.8 mc) over the Cedar Rapids to Sterling 

* The research in this document was supported 
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path. Additional data on 49.8 mc using the 
ionosphere scatter receiver are available 
since March, 1951. Information as to the 
intensity distribution and frequency de- 
pendence has been extracted from the 
records for this circuit. 

Sporadic-E, as observed on ionosphere 
scatter circuits, follows much the same 
magnetic activity dependence as is found 
for vertical incidence sporadic-E. A study 
of sporadic-E on the Cedar Rapids to 
Sterling circuit reveals that much more is 
recorded on magnetically quiet than on 
magnetically disturbed days. 

The problem of extrapolating vhf ob- 
lique incidence sporadic-E information from 
ionosonde data is complicated by the fact 
that their temporal variations are not always 
simply related. This problem is considered 
here in connection with the reliability of 
world Es maps based on vertical incidence 
data for predicting vhf sporadic-E field 
strengths pertinent to communication cir- 
cuits. 

Variations of E-Layer ‘‘Scatter’’ Recep- 
tions with EEs*—M. L. Phillips, Lincoln 
Laboratory, M.I.T.—Ilf sporadic-E ioniza- 
tion is assumed to occur in patches having a 
sharp lower boundary, of approximately 
uniform reflectivity, with spatial and time 
probabilities of occurrence approximately 
equal, and if measurements of fEs are con- 
sidered negligibly influenced by ionospheric 
absorption and characteristics of the meas- 
uring equipment, changes in received power 
from sporadic-E reflection may be estimated 
from fEs measurements. Comparison of such 
estimates with published data for E-layer 
“scatter” receptions shows good agreement 
with observed changes in received power due 
to changes in transmission frequency, length 
of transmission path, and with season, and 
time of day for temperate-zone observations, 
although there is poor agreement with 
diurnal change and seasonal change during 
night hours in auroral regions, for which a 
possible explanation is given. 

Magnetic Storm Effects in the Inner and 
Outer Ionosphere—S. F. Singer, University 
of Maryland—Evidence is adduced for two 
types of magnetic storm effects. One, identi- 
fied with the sudden commencement, is 
caused by currents flowing in the inner 
ionosphere and shows typical features asso- 
ciated with normal ionospheric currents. 
This current is set up by an interplanetary 
shock wave which penetrates by way of the 
auroral zone into the earth’s atmosphere. 

The second type is identified with the 
main phase of the magnetic storm and is 
caused by high-speed solar corpuscles which 
enter into the normally forbidden regions of 
the earth’s dipole field, are trapped there, 
and execute motions and drifts which re- 
produce the hypothetical Stérmer ring cur- 
rent. The distribution of this ring current 
can be calculated and shows a maximum in 
the vicinity of 7 earth radii. The time con- 
stant of the ring current is calculated to be 
1-2 days. 

Back Scattering from the Sea and Land 
at Centimeter and Millimeter Wavelengths 
—C. R. Grant and B.S. Yaplee, U.S. Naval 
Research Laboratory—The back scattering 

* The research in this document was supported 


jointly by the U. S. Army, Navy, and Air Force, under 
contract with the Mass. Inst. Tech. 


327 


from the sea and from several land terrains 
has been measured at wavelengths of 3.2 
cm, 1.25 cm, and 8.6 mm. o°, the average 
radar cross section of sea or land echo per 
unit area of the surface, has been plotted as 
a function of the angle of incidence for the 
three wavelengths. A family of curves at 
each of the three wavelengths shows the 
change in o° with wind velocity or sea state. 
o° is also shown as a function of the angle 
of incidence for several land terrains. In 
general, o° increases with frequency and 
also with wind velocity in the case of the 
sea surface. 

A Comparison of Phase Modulated In- 
terferometers—D. J. Farmer, The Ramo- 
Wooldridge Corporation—The operation ot 
a phase-modulated radio interferometer is 
analyzed from the viewpoint of the random 
noise voltages appearing at the input rather 
than from the usual starting point of the 
corresponding noise powers. This approach 
demonstrates the efficacy of preamplifiers 
in reducing the over-all receiver background 
noise when such devices are placed in the 
separate arms of the interferometer; further, 
the method shows how noise signals due to 
the receiver, the galactic background, and a 
spatially localized source each contribute to 
the recorded output. Results, in terms of the 
signal-to-noise ratio at the recorder, are ob- 
tained for several forms of the phase modu- 
lating function, including the Ryle type 
instrument. An interpretation is given to the 
signal-to-noise ratio which can be used to 
describe the performance of the instruments 
and circumvents the subjective specification 
of signal “detectability.” 

The Results of the Observations of 
Jupiter’s Radio Emissions on 18 and 20 MC 
in 1956 and 1957—R. M. Gallet, National 
Bureau of Standards—An account of Jupi- 
ter’s radio emissions properties, from the 
observations obtained simultaneously on 18 
and 20 mc during two years will be given. 
The equipment developed by K. Bowles has 
remarkable features, permitting to observe 
more than one complete rotation of Jupiter 
(10#) consecutively, when the interference 
is not limiting the recording time. Thus, a 
very considerable amount of data was ob- 
tained with essentially the same equipment 
characteristics on both frequencies, a fea- 
ture very important for differential measure- 
ments. 

It has been possible to resolve several 
sources spaced in longitude. These sources 
do not moye relatively to each other and 
maintained their activity over many years, 
by comparing with data obtained in 1951 
by Shain in Australia. Thus, they are rela- 
tive to the solid body of the planet beneath 
the visible clouds of the atmosphere; the 
rotation period of this solid body is estab- 
lished to a high degree of precision (to some 
tenths of a second at most) and is about 10 
seconds shorter than the rotation of the 
clouds (system II). 

The ionosphere of Jupiter is an impor- 
tant controlling factor of the reception of 
these emissions on the earth. The permitted 
cone of transmission varies in aperture with 
the solar activity and the percentage of 
time of the observed emissions diminishes 
when the solar activity increases; it has been 
possible to obtain the regression of the 
ionization in Jupiter’s ionosphere in the 
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average vs solar activity. A detailed in- 
vestigation for each longitude of the same 
effect gives indications on the latitudes of 
the different sources. 

This normalization of the data shows 
also the spectral properties. It is remarkable 
that for a 10 per cent variation in the fre- 
quency, the ratio of the total activity at 20 
mc vs 18 mc is about 0.6 or less. 

It is still not possible to discuss the 
mechanism of the production of the emis- 
sions, but numerous high-speed recordings 
of the pulses with time resolution of 1/100 
second or better on magnetic tape, give 
many indications for future theories. 

Observations of Radio Stars and Se- 
lected Regions of the Galactic Plane at 440 
MC—N. G. Roman and B. S. Yaplee, U.S. 
Naval Research Laboratory—In June and 
July of 1956 and February of 1957, measure- 
ments of radio sources were made at 440 mc. 
Local interference restricted usable meas- 
urements to the stronger sources visible at 
night. These included among others Cas- 
siopeia A, Cygnus A, Taurus A, Virgo A, 
Centaurus A, and the galactic center. Upper 
limits to the brightnesses of several other 
sources, including the moon, were also 
obtained. 

Measurements of the increase in bright- 
ness of the Milky Way above the neighbor- 
ing background were made in the Cygnus X 
region and near the galactic center between 
longitudes 320° and 345°. No absolute 
calibration of the background temperatures 
was possible. 

High Frequency Scattering Based on the 
Fock Approximation, I—Theory—S. J. 
Rabinowitz, The W. L. Maxson Corporation 
—A universal function for the current in- 
duced on the surface of a conducting obstacle 
by a plane wave has been derived by V. Fock. 
The result is applicable to any scatterer for 
which all dimensions and all radii of curva- 
ture are large compared to wavelength. The 
Fock approximation is identical with the 
familiar Kirchhoff approximation every- 
where on the surface except for a narrow 
belt located on both sides of the shadow- 
light interface. 

Fock’s analysis is reviewed. The electro- 
magnetic field scattered by a sphere is 
calculated in detail based on the Fock 
current. The results are generalized for 
scattering by any large, smooth obstacle. 

The total scattered field is obtained by 
integrating the fields radiated by the surface 
currents induced on the obstacle. For the 
large, smooth obstacles under consideration, 
the integral can be evaluated by the method 
of stationary phase integration. Two points 
of stationary phase exist, one in the illu- 
minated region, and one in the shadow region 
of the scatterer. The scattered field is the 
sum of the fields radiated from the neighbor- 
hoods of these two points. Calculations for 
the fields scattered by two spheres and an 
ellipsoid of revolution have been made. The 
qualitative and quantitative differences be- 
tween these calculations and calculations 
based on the Kirchhoff approximation are 
presented. The relationship between the 
Fock currents and the “creeping waves” of 
Deppermann and Franz are discussed. 

High-Frequency Scattering Based on 
the Fock Approximation, II—Experiment— 
S. J. Rabinowitz, The W. L. Maxson 
Corporation—The electromagnetic field scat- 


tered by a large, smooth obstacle upon 
which a plane wave impinges can be calcu- 
lated from the surface currents induced. Con- 
versely, the surface currents can be found 
from the scattered field. The scattered field 
has been shown to depend primarily on the 
surface currents near two pointsof stationary 
phase, one in the shadow region, and one in 
the illuminated region of the obstacle. The 
contributions from these two points can 
produce an interference in the total scattered 
field considered as a function of angle. It is 
possible to separate the two contributions 
and to determine the surface current at the 
two points. 

The design of an experiment suitable for 
measuring surface current by means of the 
scattered field is described. It is shown that 
the current of the entire surface, except for a 
region near the shadow-light interface, can 
be determined. This region is much smaller 
than that wherein the Fock currents differ 
from the currents given by the Kirchhoff 
approximation. Hence, the validity of Fock’s 
approximations can be verified experimen- 
tally in this manner. 

The experimental data obtained for the 
scattering cross section of three large bodies 
are in excellent qualitative and good quanti- 
ties agreement with the analysis. The ex- 
periments were performed at 97.2 kmc. The 
apparatus is described in detail. 

The Role of Fock Functions in the 
Theory of Diffraction by Convex Surfaces— 
N. A. Logan, Air Force Cambridge Research 
Center—Rigorous series expansions for the 
solutions of radiation and scattering prob- 
lems involving perfectly conducting circular 
cylinders and spheres are replaced by a more 
convergent representation by means of the 
Poisson summation formula. The terms of 
the new series are expanded asymptotically 
in a series of inverse integral powers of ka in 
the illuminated region and in inverse frac- 
tional powers of ka in the penumbral and 
umbral regions. 

The coefficients in the latter expansion 
are expressed in terms of a family of univer- 
sal functions first introduced by Fock. 
Comparison of the two expansions leads to 
a modification of the latter expansion, ex- 
tending its domain of applicability to include 
the illuminated region. Comprehensive 
tables have been prepared for six such 
functions which permit one to predict the 
effects of polarization and surface curvature 
when 1) both source and receiver are at 
infinity, 2) both source and receiver are on 
the obstacle, and 3) the source is at infinity 
and the receiver is on the obstacle, or vice 
versa. 

Electromagnetic Back-Scattering Cross 
Sections of Dielectric-Coated Infinite Cylin- 
drical Obstacles—C. C. H. Tang, Gordon 
McKay Laboratory, Harvard University— 
The electromagnetic back-scattering proper- 
ties of an infinite cylindrical conductor 
coated with a lossless dielectric layer of 
thickness comparable to a wavelength is 
investigated both theoretically and ex- 
perimentally. The theoretical problem is 
first formulated with three regions of 
arbitrary constants of materials and then 
reduced to the specific cases. The scattered 
field, total scattering cross section, and 
back-scattering cross section can all be ex- 
pressed in compact fashion in terms of 
scattering amplitude coefficients. 
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The existing experimental methods for 
measuring back-scattering cross sections of 
two-dimensional obstacles fail to yield accu- 
rate results for obstacles of small scattering 
cross sections. The present investigation 
utilizes the parallel-plate-region technique 
modified to permit the application of Dop- 
pler-shift principle. The scattering obstacle 
is set in motion in the presence of a plane- 
wave electromagnetic field in the parallel- 
plate region, and the detected Doppler 
signal is proportional to the back-scattered 
field. = 

The theoretical and experimental results 
are in excellent agreement. Because of the 
complicated multiple scattering effect at the 
boundaries, the back-scattering behavior of 
the dielectric-coated cylinders does not 
present a pattern that can be predicted from 
a simple model; however, for cylinders of 
small inner radii a geometric-optical inter- 
pretation is possible. For cylinders of large 
inner radii nothing in general can be said. 

Network Representation of Infinite 
Gratings for Obliquely Incident Waves— 
L. O. Goldstone and H. M. Altschuler, 
Microwave Research Institute, Polytechnic 
Institute of Brooklyn—The network repre- 
sentations of infinitely extended gratings 
formed by metallic obstacles of a variety of 
cross sections have been available for some 
time for cases where either the electric or 
magnetic field vectors of the incident wave 
are parallel to the uniform direction of the 
grating and where the direction of incidence 
is constrained to be perpendicular to the 
uniform direction. The present paper deals 
with the extension by simple means of such 
known solutions to cases where the trans- 
verse electric and magnetic field vectors of 
the incident wave are unrestricted and where 
the direction of incidence need not be per- 
pendicular to the uniform direction. The 
method employs the known solutions as a 
starting point so that the resulting networks 
obtained embody the same limitations with 
respect to order of diffraction as the known 
solutions. The far reflected and transmitted 
fields can be readily inferred from the net- 
work description. 

The transition from the earlier results to 
the extended ones is achieved by the intro- 
duction of a set of modes (guided waves) 
which differ from the familiar E and H 
modes in that they are characterized by the 
vanishing of the field components along a 
prescribed transverse direction. These modes, 
which have been designated as E-type and 
H-type modes, will be discussed briefly. 

The Resonant Conductance of Slots in 
Linear and Two-Dimensional Arrays—G. C. 
McCormick, National Research Council 
(Canada)—Stevenson’s work on the radia- 
tion and network properties of a slot in a 
waveguide refers to a single slot backed by 
an infinite plane conductor. In practical 
applications many slots may be used in 
linear or two-dimensional arrays. In some 
arrays the mutual coupling among slots can 
be neglected, but in two-dimensional arrays 
and in arrays radiating into a horn or paral- 
lel-plate region, the coupling is always 
significant. The resonant conductance or 
resistance of the slot can be determined by 
calculating the power radiated from the slot. 
This is done, assuming that the slots are 
excited to given voltages, by calculating the 
magnetic field in the neighborhood of each 
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slot by a semirigorous method. Results are 
given for several configurations of linear and 
two-dimensional arrays. 

Wavelength Correction in a Microwave 
Interferometer—D. M. Kerns, National 
Bureau of Standards—Formulas are derived 
enabling correction for wavelength error due 
to diffraction and misfocussing effects in a 
microwave interferometer intended for high- 
accuracy measurements. Microwave energy 
is radiated by a waveguide-to-space trans- 
ducer, reflected by a plane mirror at a 
distance d, received (and scattered) by the 
same transducer, and finally observed in 
interference with a suitable reference signal. 
Using a refinement and generalization of a 
method apparently first given by E. S. Day- 
hoff, a solution in terms of the radiating and 
the scattering properties of the transducer 
is obtained. The solution is a series in which 
successive terms correspond to successive 
multiple reflections between transducer and 
mirror. The first term yields the following 
useful results, valid for any (positive) d: 
the received signal is proportional to 
dbs ifs kzBlkz,ky). B(—kz, —ky) exp 
(2ik,d) dkzdky, where kz, ky are the transverse 
components of the propagation vector 
kyz=/k—k2—k,, and B(kz,ky) is the 
two-dimensional Fourier transform of the 
complex vector amplitude of the electric 
field obtaining in the “aperture” plane with 
the mirror removed. The relationship of B 
to the far-field of the radiator affords a 
possible alternative method of determining 
B in the cases of present interest. Examples 
of the evaluation (approximate or otherwise) 
of the above integral will be given. 

Characteristics of Signals Received on a 

-Large Aperture Antenna in Propagation 
Beyond-the-Horizon*—W. H. Kummer and 
D. C. Hogg, Bell Telephone Laboratories, 
Inc.—The characteristics of the signal re- 
ceived on a 60-foot paraboloid operating 
in a 4.11-kmc, 171-mile beyond-the-horizon 
circuit are discussed. Data obtained by scan- 
ning the antenna in the horizontal and 
vertical planes show that most of the energy 
scattered toward the receiver is contained, 
on the average, within an angle of about one 
degree. Thus there is an apparent broaden- 
ing of the free-space radiation pattern of the 
antenna; a relation between the broadened 
patterns and the ratio of the power received 
on the large antenna and on a small antenna 
is obtained. The results are discussed in 
relation to median signal level structure of 
the atmosphere, and profile of the propaga- 
tion path. The scanning data are presented 
in the form of pictures of the signal photo- 
graph on an oscillograph. 

Some Generalized Tropospheric Scatter- 
ing Relationships as Applied to Transhorizon 
Microwave Propagation—A. T. Waterman, 
Jr., Stanford University—Although there 
has been a substantial accumulation of 
evidence indicating that the received signal 
in transhorizon microwave propagation con- 
sists of the sum of several noncoherently 
related components, interpretation of specific 
observations in terms of a specific scattering 
hypothesis has not always been free from 
ambiguities. In the present paper the as- 
sumption is made that there is an atmos- 
pheric scattering characterized by a cross 
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section inversely proportional to an arbi- 
trary power of the scattering angle. Various 
consequences are then deduced as regards 
the characteristics of the received signal 
which would be observed in various special 
circumstances. 


The variation of received power with 


distance is derived for various inverse power 
dependencies on scattering angle and for 
the following beam-width configurations: 
1) relatively broad beams at both ends of 
the transmission path, 2) relatively narrow 
beams at both ends, 3) a narrow beam at 
one end and broad at the other, and similar 
combinations in which an antenna may be 
broad-beam in one dimension and narrow in 
another. Correspondingly, the aperture- 
medium coupling loss is obtained as the 
ratio of received powers, not only the ratio 
of 1) and 2) above, but also of 1) to 3) and 
other possible pairings of the configurations 
considered. In addition, expressions are 
derived for diversity distances, again for 
various scattering-angle dependencies. 

Where applicable and definitive, these 
results are compared with observational 
data. 

To a large extent, this paper represents a 
generalization of results which have been 
presented previously. Its purpose is to find 
what factors are critical in interpreting 
experimental observations and to distin- 
guish those phenomena which might have 
alternative explanations. 

Resolution of Vertical Incidence Radar 
Return into Random and Specular Com- 
ponent—R. K. Moore, University of New 
Mexico—Postulating that the ground is 
made up of scatterers whose height above 
mean ground level is randomly distributed, 
leads to a summation of the electric field 
returned to a radar in which a random 
component and a reduced specular com- 
ponent may be isolated. The specular 
component is obtained by averaging the 
components of the individual signals in 
phase with the return which would be ob- 
tained from a point on the mean ground 
plane beneath (or above) the actual position 
of the scatterer. The random component 
is obtained by summing the phasors which 
must be added to the mean specular com- 
ponent for each scatterer to give the actual 
phasor associated with the displaced scat- 
terer. When the standard deviation of the 
displacements of the scatterers from the 
mean is large compared with a wavelength, 
the random component greatly exceeds the 
specular. When the surface is almost smooth, 
the reverse is true. 

In this first-order theory, the vector 
nature of the waves has been neglected for 
simplicity. Furthermore, it is assumed that 
the ground is made up of isolated scatterers 
whose position is not correlated with that 
of their neighbors. More sophisticated as- 
sumptions should Jead to a better descrip- 
tion of the actual phenomena, but it is 
believed these simplifying assumptions lead 
to a good qualitative description of the 
electromagnetic problem. 

In developing the theory it was found 
desirable to determine distribution functions 
associated with a random walk in which the 
direction of each step was normally dis- 
tributed about a mean direction, rather than 
being uniformly distributed as in the usual 
random walk problem. The distribution 
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functions associated with this type of ran- 
dom walk have been calculated and are 
shown. 

Comparison of Measured and Predicted 
Tropospheric Bending of Electromagnetic 
Waves—L. J. Anderson, L. G. Trolese, and 
J.B Smyth, Research Associates—Numerous 
methods are available for computing the 
amount of bending that electromagnetic 
waves should undergo when passing through 
an atmosphere with a given refractive index 
profile. This paper describes a comparison of 
experimentally determined bending by 
means of a sea-interferometer, with computed 
bending obtained by use of a method de- 
veloped by L. J. Anderson. The computation 
method consists basically of dividing the 
arbitrary refractive index profile into a 
series of layers having linear gradients and 
obtaining the incremental bending in each 
layer by convenient graphical means. The 
experimental data was obtained by use of 
transmitters in an aircraft flying at a con- 
stant altitude of 30,000 to 40,000 feet and 
receivers situated 100 feet high on a cliff 
overlooking the sea. By use of the positions 
of interference minima at two frequencies 
in the proper manner, the total bending 
which takes place in the troposphere at low 
angles below 30,000 feet can be determined 
to an accuracy of + milliradian. This re- 
gion accounts for 90 per cent of the bending 
in passing through all of the troposphere. 
The measured and computed bending on a 
standard and three nonstandard days agree 
fairly well. 

Propagation Through the Troposphere 
and Ionosphere—V. A. Counter and E. P. 
Riedel, Lockheed Aircraft Corb—On May 
2, 1956, V. A. Counter of Lockheed Missile 
Systems Division presented to a joint meet- 
ing of URSI and IRE a paper entitled, 
“Propagation Through the Troposphere and 
Ionosphere.” The present paper is a con- 
tinuation of this work using more refined 
and extensive models in both the tropos- 
phere and ionosphere and the 1103A com- 
puting machine to obtain refraction, atten- 
uation, and range deviation results at 
frequencies above 50 mc, for elevation 
angles between 0.01 and 90° from zero to one 
thousand nautical miles above the earth. 

Six tropospheric profiles of the refractive 
modulus, m, as a function of height, h, were 
studied, three having the general form: 
m=al1-+-b exp ch/4] exp —h/4, where a, b, 
and ¢ are constants. The other three profiles 
included a layer with tilt angles of +1° 
and 0°. 

Three profiles of electron density vs 
height were used representing minimum 
23 per cent, mean and maximum 23 per cent 
points of ionospheric activity. Chapman 
functions were used to represent the general 
shape of the layers. The electron-ion colli- 
sion was included in the calculations. The 
earth’s magnetic field was neglected. 

A Long-Distance Pulse Propagation 
Experiment on 20.1 Megacycles—R. Sil- 
berstein, National Bureau of Standards— 
Pulses from a megawatt transmitter at 
Sterling, Va., were recorded on Maui, T. Hi: 
and simultaneously at Boulder, Colo., in 
October, 1956. Vertical-incidence data were 
taken at Carthage, Ill., and some back- 
scatter records at Sterling. 

Since Boulder is approximately one- 
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third of the 7647-km distance from Sterling 
to Maui with an angle of departure of about 
8°, one might expect a well-defined three- 
hop F, mode to fail at Maui when the one- 
hop mode failed at Boulder, leaving only 
a weak signal for the two-hop near-grazing- 
incidence signal. 

The records showed strong signals at 
smaller delay times persisting for many 
hours after the three-hop failure, which itself 
was not always easy to distinguish in a 
single record. The lower-order modes would 
have had to include combinations of E and 
Fp layer propagation. Records taken on 
different days were vastly different in the 
increase of retardation as modes began to 
fail, as well as in the modes themselves, 
showing great sensitivity to ionospheric 
conditions and a possible large role of lateral 
deviations and tilts. 

Further experiments should include a 
receiver near Stanford which would enable 
identification of the two-hop mode and also 
afford a rough test of the two-control-point 
theory. 

Numerical Computations from the 
Theory of VLF Noise Emissions and their 
Comparison with Observations—R. M. 
Gallet and A. Hessing, National Bureau of 
Standards—A theory for explaining the very 
low frequency emissions other than whistlers 
(so called hiss, dawn chorus, hooks, etc.) 
was presented by Gallet and Helliwell in a 
recent communication. This theory now 
has been developed in detail with the pur- 
pose of obtaining numerically the predicted 
spectra (frequency vs time) and to compare 
them with the observations presented in the 
preceding communication. 

The physical model for these emissions is 
the following. A neutral bunch of incoming 
ionized particles from the sun with a velocity 
v is guided near the earth along a magnetic 
line of force, through the earth’s exosphere. 
The electromagnetic interaction of these 
particles with the plasma of the exosphere, 
in the presence of the local magnetic field, 
excites electromagnetic waves according to 
the mechanism of a traveling-wave tube 
discussed by Gallet and Helliwell. The ex- 
cited frequencies are given by: 
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where fp is the local plasma frequency de- 
fined by the electronic density present in the 
exosphere, and fy is the gyrofrequency. 
These electromagnetic waves in turn propa- 
gate along the line towards the earth with 
the group velocity U of the whistler mode. 
Their time of flight ¢ is given by: 
ds/[U 
i= 
path 

The total time of propagation of the fre- 
quencies is their time of flight ¢ plus the 
time of travel y of the particles along the 
magnetic line of force to the point of excita- 
tion of the frequency f. 

A program for the total time t+7r vs 
frequency f has been developed on the elec- 
tronic computer IBM650. The computations 
have been made with different models of the 
distribution of electronic density outside the 
earth. Computed curves and observed spec- 
trograms will be shown and compared. A 
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short discussion of the best models of the 
exosphere and of the velocity v from these 
results will be given. 

A Systematic Classification of Natural 
VLF Noises Other than Whistles—R. M. 
Gallet and D. L. Jones, National Bureau of 
Standards—Starting at the beginning of 
1956 an intensive program of observations of 
whistlers and other types of vlf noises, so- 
called hiss, dawn chorus, etc., was under- 
taken by the writers, with the help of 
J. Watts who is responsible for very valuable 
achievements in the recording technique and 
the securing of spectrograms. A very high 
sensitivity was achieved by using the one- 
mile loop antenna built for vlf sweep fre- 
quency ionospheric soundings by Watts. 
Since the beginning of 1957, simultaneous 
observations at Anchorage, Alaska, are 
available. 

The magnetic tape recordings are taken 
at 35 minutes past every hour. A collection 
of about 10,000 spectrograms is now avail- 
able and expands continuously. Besides the 
whistlers, a large number of other types of 
vlf noises have been recognized and sys- 
tematically studied. 

Their occurrence is essentially related to 
periods of geomagnetic activity, according 
to a progressive pattern of shape variations. 
A number of “families” have been estab- 
lished, by criteria of reproducibility of forms 
of spectrograms and progressive transitions 
around a general property such as the 
risers, the hooks, quasi-horizontal tones, 
tails, etc. Besides the shape the degree of 
sharpness or fuzziness is also important, 
going to the extreme case of the hiss, which 
appears as a solid band of noise on the 
spectrogram, continuous in time sometimes 
for hours. Many phenomenological proper- 
ties have been established for the extra- 
terrestrial beams and bunches of ionized 
particles which seem to be responsible for 
their production. 

An atlas of spectrograms of these vlf 
noises is in publication, and is intended to 
serve as a guide for IGY observations. The 
presentation of these data is relevant to a 
companion paper (see preceding abstract) 
related to the theory of these noises. 

Computation of Group Indices and 
Group Heights for Low Frequencies*— 
J.. J. Gibbons, The Pennsylvania State 
University—An approximate formula is de- 
rived from which the group index yp’, includ- 
ing the effect of collisions, can be easily cal- 
culated as a function of wand x, the real and 
imaginary parts of the Appleton-Hartree 
index. This expression is quite accurate for 
the ranges of NV and » usual for frequencies 
below 1 me. For a given frequency a set of 
w’(N,v) curves can be constructed from 
which the group heights for any give N 
profile can be quickly determined by graph- 
ical methods. The method is applied to 
compute group delays for several possible 
models. 

Ionospheric Reflection of Very Low 
Frequencies—H. Poeverlein, Air Force 
Cambridge Research Center—The reflection 
coefficient of an ionospheric layer can be 
studied or calculated by means of a theoret- 


* The research reported in this paper has been 
sponsored by the Geophys. Res. Dir. of the AF Cam- 
bridge Res. Center, Air Res. and Dev. Command, 
under Contract AF19(604)- 1304. 
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ical formulation, which has been developed 
for wavelengths large compared to the layer 
thickness. The phase of the reflected wave 
as given by the complex reflection coefficient 
can be ascribed to a certain phase reflection 
level within the ionospheric layer. 

With decreasing frequency both the 
amplitude reflection coefficient and the 
phase reflection height tend towards definite 
limit values. With increasing frequency the 
phase reflection height decreases until the 
transition to geometric-optical. propagation 
is reached, where the reflection height turns 
to increase with increasing frequency. 5 

Various simplified cases have been stud- 
ied until now. The influence of the terrestrial 
magnetic field was taken into account in the 
case of vertical incidence and extremely low 
frequencies. 

Spatial Areas of Fade Resulting from 
Ionospheric Polarization Rotation—I. B. 
Goldberg, University of Michigan—One if 
the most significant effects of the ionosphere 
on an electromagnetic wave is the rotation 
of its plane of polarization resulting from the 
presence of the earth’s magnetic field. As a 
consequence of this phenomenon, commonly 
referred to as the Faraday effect, a radio 
signal scattered from positions in or above 
the ionosphere is subject to fading. The 
extent of this type of fading to P- and L- 
band radars is shown by spatial area con- 
tours in the ionosphere for a variety of 
circumstances. 

The standard explanation for this effect 
may be cited in the following way for wave 
frequencies above 100 mc. An electromag- 
netic wave of plane polarization entering 
into the ionosphere in the presence of the 
earth’s magnetic field is split into two waves 
nearly circularly polarized in opposite 
senses. Each component wave has a slightly 
different index of refraction which results in 
a differential phase shift between the two 
modes. As the component waves continue 
independently through the ionized region, 
there is a continuous alteration of phase 
between the two waves. Upon emergence 
from the ionized layer, the waves recombine 
to form a linearly polarized wave with its 
direction of polarization rotated by an 
amount proportional to the length of path 
in the medium and the difference in indices 
between the two modes. Thus, an echo from 
certain regions in the ionosphere would not 
be observed if the degree of rotation to that 
region and return was of particular magni- 
tude to reduce the intensity of an echo by a 
sufficient amount. These ionospheric areas 
of fade may then be computed for any loca- 
tion. A model of the ionospheric cumulative 
electron density profile has been used based 
on information from a report by the Ionos- 
pheric Research Laboratory of Pennsyl- 
vania State University for Sylvania Electric 
Products, Inc. It is believed realistic for this 
purpose. These fading regions in space are 
shown for changes of wave feequceex} 
geomagnetic latitude, and direction. 

Effects of Ionospheric Layer Tilts on 
High-Frequency Radio Propagation*—S. 
Stein, Stanford University—The F layer, as 
is well known, has a complex global dis- 
tribution of ion density. In addition to the 


* This work was supported jointly by the U. 
Army, Navy, and Air Force under contract with 
Stanford University. 


conventional ionospheric parameters, the 
F layer may be further characterized by an 
equivalent layer tilt, a function of frequency 
and takeoff angle. Low angle rays reflected 
from a tilted F layer may propagate beyond 
the bulge of the earth, without striking the 
ground, and illuminate the ionosphere 
again. When sufficient ion density exists at 
the second illuminated region, the rays will 
propagate on around the earth. A ray may 
be reflected several times before striking a 
properly oriented tilt so that the surface of 
the earth is illuminated. These modes are 
called *F modes, where is the number of 
layer reflections. The theory of tilt supported 
modes has been successfully applied to the 
anomalous propagation across the equator.* 

Theoretical Chapman layers and other 
models are investigated to find the ray tra- 
jectories and determine equivalent layer 
tilts. These results form the nucleus of a 

prediction scheme for tilt supported modes. 

The characteristics of multiple-hop 
‘ground backscatter were investigated in 
order to assist in recognition of "F mode 
ground scatter. Detection of "F mode ground 
scatter occurs as a consequence of geometri- 
cal time-delay focussing and to a lateral 
beam effect. Under some conditions Peter- 
son’s “minimum-time-delay” focussing is 
also considered. Comparisons are made 

between calculations and experimental back- 
scatter records obtained at the location of 
Stanford University. 

Tilt supported rays may propagate long 
distances without the necessity of ground 
reflections and without reentering the ab- 
sorbing D region except on the last leg 
where the earth’s surface is illuminated. 

The radio frequency of "F mode propagation 
is examined in comparison with the con- 
ventional muf. 

Coherent Integration of Doppler Echoes 
in Pulse Radar—B. D. Steinberg, General 
Atronics Corporation—It is well known that 
s/n improvement results from integration of 
radar echoes. For noncoherent or envelope 
detection the proper integrator is a low-pass 
filter, whether Doppler is present or not. 
Marcum analyzed the effectiveness of inte- 
gration for noncoherent detection. This 
paper presents a comparable theory for the 
integration of coherent signals with Doppler. 

Coherent integration requires a band- 
pass filter at the Doppler frequency, usually 
not known in advance. Hence, each range 
gate must feed a bank of narrow-band 
filters: Such equipment complexity can be 
justified only if considerable benefit results. 

From the theory, calculations are made 
of coherent integration of Doppler signals. 
The measure used is absolute receiver sensi- 
tivity (input s/n for specified detection 
probability and false alarm interval). The 
parameters are input s/n, observation time, 
and detection probability. The theoretical 
results are presented graphically. 

The theory also treats coherent integra- 
tion when the dynamic range is reduced to 
polarity only. Harrington found a 13 to 
2-db loss in sensitivity due to one-bit quan- 
tization in the noncoherent case. The corre- 


* O. G. Villard, Jr., S. Stein, and K. S. Yeh, “New 
Evidence of Anomalous Transequatorial Ionospheric 
Propagation,” paper presented at 1957 IRE National 
Convention, New York, N. Y.; March 18, 1957. 
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sponding loss in sensitivity of a coherent 
receiver is 5 to 6 db. 

Information Theory Applied to the Hu- 
man Visual System—J. R. Singer, National 
Scientific Laboratories, Inc—The complex 
phenomenon of visual form and pattern 
recognition with size invariance may be 
partially understood by comparison with an 
electronic apparatus which would accom- 
plish the same task. In this treatment, the 
receptors of the eye are simulated by photo- 
electric cells; the bipolar, ganglion, and 
amacrine cells, by pulse coding circuitry; 
the optic nerves, by signal transmission 
channels; and the brain, by a digital com- 
puter. This analog system permits an ap- 
plication of Shannon’s thedrem* for the 
capacity of a signal channel containing 
white noise which is 


c= W log. (=) 
for a binary transmission system. 

It is shown that the maximum possible 
capacity of the transmission channels which 
are the analog to the optic nerves far exceeds 
the computer processing capacity (recogni- 
tion speed of the brain) in binary units per 
second. The assumptions for this conclusion, 
however, bear further scrutiny since “rea- 
sonableness” is used as a guide wherever 
experimental data are unavailable. Experi- 
ments which would aid in further application 
of information theory to vision are suggested 
and outlined. 

Impulse Response of Cascaded Double- 
Tuned Circuits—Y. Peless—In this paper 
a general formula for the impulse response 
envelope of a cascade of m identical double- 
tuned circuits is derived. The results are 
limited to the case of small fractional 
bandwidth, but are generally applicable for 
an arbitrary arrangement of the poles of 
the complex impedance function represent- 
ing the transformer. The solution involves 
reduction of the four-pole to an approximate 
equivalent two-pole followed by complex 
integration. The results are presented in 
terms of 3 parameters, one fixing the average 
location of the two-pole in the complex 
plane, and two fixing the location of one 
pole with respect to the other. Tables and 
curves for low-order cases are presented. 
Finally, the relation between the pole loca- 
tion and the circuit constants is presented so 
that the design of the interstages for pre- 
scribed impulse response is determined. 

Some Applications of the Isometric 
Circle Method to Impedance Transforma- 
tions Through Lossless Two-Port Networks 
—E. F. Bolinder}—The isometric circle 
method is a graphical method of transform- 
ing a complex quantity by the linear frac- 
tional transformation. If the quantity is a 
complex impedance Z, then the linear 
fractional transformation 


Z' —aZ+b 
a ad —bec =1 (1) 


cZ +d’ 


can be interpreted as an impedance trans- 


* C,. E. Shannon and W. Weaver, “The Mathe- 
matical Theory of Communication,” University of 
Illinois Press, Urbana, IIl., p. 67; 1949. 

+ This work was supported in part by the U. S. 
Army (Signal Corps), Air Force (Office of Scientific 
Res., Air Res. and Dev. Command), and the Navy 
(Office of Naval Res.). 
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formation through a bilaterial two-port net- 
work which, for a fixed frequency, is char- 
acterized by the four complex constants a, b, 
c,and d. 

The isometric circle is defined as the 
circle which is the complete locus of points 
in the neighborhood of which lengths are 
unaltered in magnitude by (1). The isometric 
circle of the direct transformation, Cu, has 
its center at Og= —d/c and a radius 
R.=1/|c| ; the isometric circle of the inverse 
transformation, C;, has its center at 0; =a/c 
and the same radius. 

Mathematically, (1) is divided into two 
classes of transformations: the loxodromic 
transformation,* characterized by a+d= 
complex, and the nonloxodromic transfor- 
mation, characterized by a+d=real. The 
latter transformation is further divided into 
the hyperbolic, parabolic, and_ elliptic 
transformations specified by |a+d| 22. 

If the two isometric circles are drawn in 
the complex plane, the following graphical 
constructions yield a graphical method for 
the loxodromic case: 

1) an inversion in the isometric circle of 
the direct transformation Ca; 

2) a reflection in the symmetry line L 
to the two circles; and 

3) a rotation around the center O; of the 
isometric circle of the inverse transformation 
through an angle —2 arg (a+d). 

If the bilateral two-port network is loss- 
less, it is shown that the impedance trans- 
formation corresponds to a nonloxodromic 
transformation. In this case the third opera- 
tion above is eliminated. A plotting of the 
isometric circles immediately specifies the 
nonloxodromic transformation. If the two 
circles intersect, the elliptic, above-cutoff, 
case exists; if the circles are tangent the 
parabolic, cutoff, case exists; and, finally, if 
the two circles are external the hyperbolic, 
below-cutoff, case exists. 

The isometric circle method is applied to 
impedance and reflection coefficient trans- 
formations through some simple bilateral, 
lossless, two-port networks. The examples 
chosen are: a uniform transmission line, a 
lossless transformer, an exponentially ta- 
pered transmission line, and uniform wave- 
guide sections (TE and TM modes). Graph- 
ical constructions for simple numerical 
examples are shown both in the impedance 
plane and the reflection coefficient plane 
(Smith chart). The connections between the 
constructions in the two planes are shown 
by mapping the planes stereographically on 
the unit sphere. It is shown that the trans- 
formation through the uniform transmission 
line is elliptic and that it corresponds to a 
rotation of the sphere around a line through 
the fixed points. The ideal transformer, on 
the other hand, is hyperbolic and corresponds 
to a stretching of the surface of the sphere 
along a line through the fixed points. 
Finally, the exponentially tapered line and 
the waveguide section may both be elliptic, 
parabolic, or hyperbolic depending on 
simple relations between the mechanical 
dimensions and the frequency. 


* If a loxodromic transformation (Greek: loxo- 
=oblique, dromos=a running course), centered 
around the origin of the complex plane, is stereo- 
graphically mapped on a sphere, a curve is obtained 
that cuts the meridians under a constant angle. The 
curve, that uniformly turns around both poles an 
infinite number of times, is called a loxodrom. 
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On the Theory of Pulse Transmission 
and Reception*—N. DeClaris, Cornell Uni- 
versity—The parameter representation of 
time and frequency domain functions as 
well as the associated network requirements 
for narrow pulse transmission and reception 
are discussed. It is shown that the density 
distribution function p=(y,A) provides a 
basic tool for arriving at and dealing with 
the approximation and synthesis problems. 

Thus, a single real function for network 
characterization, rational or transcendental, 
avoids the question of amplitude and phase 
frequency responses, and moreover, it places 
in evidence pronounced effects of network 
complexity imposed by small variations in 
pulse shape tolerance. 

An example illustrates the above view- 
point for the case when part of the trans- 
mission system is preassigned. 

Microwave Diagnostics for High-Tem- 
perature Plasmas|—C. B. Wharton, Uni- 
versity of California—High-temperature plas- 
ma research, aimed mainly toward controlled 
thermonuclear reactions, has been greatly 
facilitated by the development of a number 
of microwave measuring techniques, called 
“microwave diagnostics.” These schemes 
are based in part on previous plasma micro- 
wave studies but mostly on ideas generated 
at UCRL in conjunction with the AEC 
Project Sherwood, and are being presented 
here for the first time. The properties of a 
plasma measurable by these techniques are: 
average special density, density distribution, 
collision frequency, electron temperature, 
recombination, and other loss rates, all as 
a function of time, with or without magnetic 
fields present. A wide latitude in choice of 
geometry and operating conditions is pos- 
sible. The quantities measured directly are 
the phase, an absorption coefficient of the 
dispersive propagation “constant,” the 
cyclotron frequency, bremsstrahlung radia- 
tion power, and gyromagnetic radiation 
power. A brief theoretical derivation of the 
simple microwave properties of a plasma is 
given and experimental results indicating 
satisfactory correlation are presented. Ex- 
perimental setups and millimeter wave 
equipment employed in the experiments are 
described. 

General Synthesis of a Class of Wave- 
guide Filters—H. J. Riblet, Microwave 
Development Laboratories—Necessary and 
sufficient conditions are given that a pre- 
scribed insertion loss function can be ob- 
tained exactly with a cascade of admittance 
inverters equally spaced on a uniform 
transmission line. In the limit of narrow 
bandwidth this procedure becomes “inde- 
terminate” and the synthesis procedure 
simplifies to a form which can be shown to be 
necessary and sufficient for the existence of a 
low-pass ladder analog. In this limit, an 
exact equivalence between direct and quar- 
ter-wave coupled filters of the customary 
type can be shown. This equivalence per- 
mits a comparison in the accuracy of the two 
procedures. It is shown that the error in the 
insertion loss function, introduced by the 
simplifying assumption, is of the order of the 


* Part of the work presented here was carried out 
while acting as a consultant to the General Electric 
Co., Advanced Electronics Center. 

+ Work performed under the auspices of the U. S. 
Atomic Energy Commission. 
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square of the percentage bandwidth for the 
direct coupled filter by which the quarter- 
wave coupled filter differs further from it by 
terms which are of second or higher order in 
the percentage bandwidth. Finally the pro- 
cedure is applied to the design of a slightly 
novel direct-coupled filter and experimental 
results are given. 

The Approximate Parameters of Slot 
Lines and their Complement—G. H. Owyang 
and T. T. Wu, Gordon McKay Laboratory, 
Harvard University—The rigorous solution 
of the transverse problem encountered with 
parallel transmission lines constructed of co- 
planar strips with finite thickness involves 
very complicated functions such as hyper- 
elliptic integrals. However, for a thickness 
very small compared with the width and the 
separation, an approximate answer may be 
obtained by a first-order perturbation 
method. 

The contour of the conducting strips is 
transformed by the Schwarz-Christoffel 
mapping into infinitely thin strips whose 
properties are already known. The actual 
distribution of current density is then cal- 
culated approximately from the known cur- 
rent density on the infinitely thin strips and 
the mapping factor. From the current 
density and the surface resistance of the 
material, the ohmic loss, and hence the at- 
tenuation, is obtained. The line constants 
are obtained as part of the analysis. 

The complementary problem of parallel 
slots in an infinite conducting plane of small 
but finite thickness is solved by a similar 
procedure. 

Absorption of Plane Waves in an Opti- 
mum Nonuniform Medium Backed by a 
Metallic Surface—I. Jacobs, Bell Telephone 
Laboratories—The problem of coating a 
metallic surface so as to make the combina- 
tion absorbing over a broad frequency band 
is considered from the point of view of non- 
uniform transmission line theory. An op- 
timization argument is presented which 
leads to the consideration of a medium in 
which the fractional increase in dielectric 
constant per wavelength in the medium is 
constant. The nonuniform transmission line 
equations are solved exactly for this case 
and the results are expressed in terms of 
readily interpretable elementary functions. 
It is shown that a fixed geometrical length of 
line can lead to an arbitrarily large effective 
length without destroying the match to free 
space. Hence, in a nonuniform medium with 
a small loss tangent, all energy may be 
almost completely absorbed regardless of 
termination. 

The line has a long wavelength cut-off 
given by approximately 4m times the actual 
length of the line. A return loss of greater 
than 10 db is obtained at all frequencies 
above 1.8 times the cut-off frequency. Prac- 
tical limitations on maximum attainable di- 
electric constant necessitate the use of larger 
loss tangent materials which diminish the 
return loss. For a maximum relative dielec- 
tric constant of 4000, a return loss of 10 db 
is calculated at frequencies about five times 
the cut-off frequency. 

Straight Tapers in Rectangular Wave- 
guides: A Comparison of Principal Mode 
and Nonuniform Transmission Line Theories 
—T. J. Rey, Glen Burnie, Md.—Tapered 
sections are used for joining lines or guides 
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that differ in cross section, particularly 
where the phase velocities are unequal. 

In rectangular waveguides exhibitin: 
changes of either height or width or both 
(with preservation of aspect ratio), it is con- 
venient to use linear tapers. In these, cy- 
lindrical or spherical wave functions have 
been shown by Lewin* to describe the fields 
allowing the effect on the TEo,1 mode in the 
uniform guide to be expressed by compari- 
son of the principal modes. Lewin’s work 
is revised, mainly with regard to the choice 
of wave-functions and their approximations. 

An alternative approach to the problem 
is to regard the principal mode as expanding 
(or contracting) from one uniform guide into 
the other, through the tapered section that 
serves as a “nonuniform” transmission line. 
Theories of this nature are reviewed briefly. 

The results of the two types of theory 
are compared, and show various measures of 
agreement. 

On the Construction of the Green’s 
Function for a Nonuniform Waveguide Re- 
gion or for Waveguide Regions Filled with 
an Inhomogeneous Medium—R. Mittra, 
Department of Electrical Engineering, The 
Pennsylvania State University—The paper 
describes an integral equation method for 
the construction of the Green’s function G 
for a nonuniform waveguide region. The 
method is also applicable, for certain modes 
of propagation, for constructing the Green’s 
function of a waveguide region filled with an 
inhomogeneous medium. The method is 
limited in application to problems which 
can be reduced to two-dimensional scalar 
wave propagation only. 

The discussion of the problem is divided 
into two parts. The first one considers the 
case when the nonuniformity of the wave- 
guide is confined to a finite region and the 
dimensions of the waveguide are equal for 
large positive and negative distances. In 
the second part, a method is described 
which is useful for constructing the Green’s 
function of a waveguide region with dis- 
similar dimensions at the two ends. An ex- 
ample of such a region is the tapered junc- 
tion between two dissimilar guides. The 
method can be applied to such regions pro- 
vided the walls of the waveguide form 
separable coordinate surfaces at large dis- 
tances from the origin. Waveguide-to-horn 
junction is another example of a waveguide 
geometry for which the method can be used. 

The integral equation for the Green’s 
function is formulated in terms of a known 
Green’s function and the metric of trans- 
formation which maps the nonuniform 
waveguide region conformally, into a paral- 
lel plate region. Approximate solutions of 
the integral equation are discussed and the 
equations for the field potential and the re- 
flection coefficient are also derived. The 
techniques discussed can also be used in 
connection with certain resonator problems 
and those concerning free space diffraction 
by arbitrary cylinders. Also, for certain 
types of modes of propagation the method 
can be used to obtain Green’s function for a 
waveguide region filled with a medium with 
two-dimensional inhomogeneity. 


*L. Lewin, “Advanced Theory of Waveguides,” 
Tite Ponsa eee pp. 114-120; 1951, ‘ ; 

_L, Lewin, “Reflection cancellation in waveguides,” 
Wireless Eng.; August, 1949, = 
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